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ABSTRACT 

The increasingly adverse effects of global warming require bold and innovative 

solutions. The HEMCC direct air capture device of the Yan group can reduce 

atmospheric carbon dioxide concentrations while operating at ambient conditions fueled 

by a small hydrogen feed. Industrial application is currently limited due to its short 

operating life and a relatively high hydrogen consumption.  

Gas crossover is a common phenomenon in electrochemical systems that can 

decrease efficiency, create explosive mixtures, and degrade the membrane. It has not 

been examined in detail for hydroxide exchange membranes such as the PiperIon of the 

HEMCC. This thesis developed electrochemical testing methods to diagnose the 

severity of hydrogen and oxygen crossover. First, a typical 1-cell approach was tested 

as a baseline. Then, a novel 2-cell setup was built that separates the gas crossover from 

its electrochemical measurement. This approach achieved more detailed hydrogen 

crossover results than the current state-of-the-art 1-cell devices. The approach allowed 

for permeability testing at moderate temperatures and low hydrogen contents. The 2-

cell setup was finally employed to evaluate the gas crossover in the shorted membrane 

of the HEMCC, which was found to be less permeable. The efficiency and safety 

consequences of gas crossover could be calculated from the obtained permeability data. 

It was found 
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that gas crossover does not cause a significant fuel loss and does not pose a 

safety risk when the PiperIon membrane is tested in HEMCC conditions. Finally, a gas 

crossover durability test revealed that the lifetime of the HEMCC was not limited by 

gas crossover degradation. After being exposed to crossover effects for 120 h, no 

significant membrane or catalyst layer damage was observed. The employed 

permeability testing procedures could be easily modified to perform similar case studies 

on other electrochemical devices.
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Chapter 1 

INTRODUCTION TO THE HYDROXIDE EXCHANGE MEMBRANE 

CARBON CAPTURE (HEMCC) DEVICE:   

A PROMISING DIRECT AIR CAPTURE TECHNOLOGY 

1.1 Direct air capture as a necessary measure against climate change 

1.1.1 Global warming and its consequences 

The importance of acting against climate change cannot be overestimated. 

Driven by rising greenhouse gas (GHG) emissions, global warming has been causing 

increasingly more adverse effects. Figure 1.1 displays the global temperature over the 

past 160 years1. The graph shows an intensifying increase with an especially steep trend 

over the past 40 years. Since 1880, the average surface temperature has climbed by 

about 1⁰C1.  

 
Figure 1.1: Global surface temperature and atmospheric CO2 concentration per year 

from 1850 to 20221. 
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The effects of global warming are already noticeable today. A widely discussed 

consequence is sea level rise, which can be equally attributed to the melting of ice caps 

and the thermal expansion of the ocean1–3. To give an idea of the disastrous effects the 

former can have, the Greenland ice sheet alone contains enough water to raise sea levels 

by 7 m. Much smaller sea level rises would already lead to the displacement of millions 

of people, often from developing countries. Various other consequences of climate 

change have been reported such as more frequent wildfires, more intense hurricanes, 

extreme rainfall, coral destruction and changes in the life cycles and behavior of fauna 

and flora2,4.  

Although temperature variations have occurred during various periods in the 

history of our planet, climatologists claim that the observed changes cannot be explained 

by any of the ‘natural’ variation mechanisms2,5. The increase is attributed to a rise in 

greenhouse gas emissions that started during the Industrial Revolution. The most 

problematic GHGs are carbon dioxide (CO2) and methane (CH4). When present in the 

atmosphere, these gases trap infrared energy reflected from the earth’s surface, which 

heats up the atmosphere. This is called the greenhouse effect, which is a natural, self-

regulating phenomenon that is essential to sustain life on a planet. But the emissions as 

a result of modern industry have led to these gases reaching unprecedented levels2. 

Figure 1.2 shows this human-caused rise in CO2 levels. Compared to the past 800 

millennia, during which multiple ice and interglacial cycles occurred, the current CO2 

concentration of 420 ppm is significantly higher than any other recorded value6.  
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Figure 1.2: Estimated CO2 levels over the last 800 millennia6. 

The occurrence of positive feedback loops could accelerate the 

abovementioned effects even more. In the context of climate change, positive feedback 

occurs when an increase in temperature results in even more CO2 emissions or stronger 

effects. Mechanisms like this would make global warming accelerate itself into a vicious 

cycle. A commonly discussed positive feedback mechanism is the Albedo effect, which 

occurs when white arctic see ice melts and turns into dark seawater. The former reflects 

sunlight back into space and helps cool the planet, while dark seawater absorbs more 

sunlight, which heats up the atmosphere even further7–10. This mechanism is shown in 

Figure 1.3. Another example is the water vapor cycle. As temperatures rise, more water 

evaporates from oceans, which traps even more heat in the atmosphere. The most 

detrimental positive feedback mechanism occurs is currently happening as the 

permafrost keeps melting. Significant amounts of greenhouse gases (methane and CO2), 

which were trapped in these frozen layers of soil, are steadily released7–9.  
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Figure 1.3: Illustration of the Albedo effect, an example of a positive feedback loop9. 

Although various sources fear irreversible effects and tipping points related to 

these positive feedback loops, MIT climate researcher Andrei Sokolov does not believe 

in these catastrophic points of no return after which humans would no longer be able to 

mitigate climate effects7. The findings of climate models are that in the long term, 

temperatures and CO2 concentrations will come down, mainly because of carbon uptake 

by the ocean. He does, however, emphasize the detrimental effects of positive feedback 

loops. Their accelerating effects could drastically increase the surface temperature, 

which would make parts of the planet inhabitable, and it would take thousands of years 

to recover from this. Accounting to Dr. Sokolov there is no such point of no return after 

which climate action would be of no use.  

The Paris Agreement, as agreed upon at the UN Conference of Parties in 2015, 

is the standard framework that countries follow to accelerate their climate actions and 

deal with the effects of climate change11–13. Each country that signed the agreement is 

expected to report their climate efforts in nationally determined contributions (NDCs) 

that get more ambitious every five years. The central idea of the Paris Agreement is the 
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commitment to keep the global temperature increase well below 2⁰C compared to pre-

industrial levels, while aiming for the 1.5⁰C target. A global peak in GHG emissions 

should therefore be reached as soon as possible. The 1.5⁰C target would require 

emissions to reach a peak before 2025, be reduced by 45% in 2030 and reach net zero 

by 205013,14. The current national climate plans are predicted to fall short of what is 

required. These commitments would lead to an increase of 9% in GHG emissions by 

2030 instead of the desired 45% decrease. The global stocktake, which is a report that 

evaluates the NDCs, emphasized in 2023 that more and bolder action is needed. Large 

emitters such as the US and China, were encouraged to take more initiative, also the 

high-emitting energy sector was reprimanded for its insufficient efforts14–16. 

1.1.2 The need for carbon removal technologies 

Carbon removal technologies are regarded as an essential mitigation strategy 

against climate change and their employment on a large scale could significantly 

accelerate the path to net zero emissions17–19. In a publication from 2018, 

Intergovernmental Panel on Climate Change (IPCC) scientists Dr. Sabine Fuss and Dr. 

Jan Minx show that reaching the 1.5⁰C goal is only possible by employing carbon 

removal technologies19. Climate models indicate the remaining amount of CO2 that can 

be released to reach this temperature goal is close to zero. Even if we stop emitting CO2 

right now, the current atmospheric concentration will likely result in an increase above 

the 1.5°C target set out by the Paris Agreement. This would mean that for every CO2 

molecule emitted from today onwards, one should be captured within the 21st century. 
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This principle is illustrated in Figure 1.4 which shows that reducing emissions (e.g. from 

industry or transportation) will not be sufficient to reach net zero before 2050 or even 

before the end of the century. Carbon removal technologies thus address the tons of CO2 

already present in the atmosphere due to decades of emissions. They eliminate the so-

called carbon legacy of human activity18,20.  

 
Figure 1.4: The trajectory of CO2 emissions required to reach the Paris agreement 

targets, which shows the need for carbon removal technologies19. 

A second reason why carbon removal is crucial in the fight against climate 

change is that emissions of some sectors are difficult to abate18. CO2 emissions 

originate from various sources, as shown in Figure 1.521. The main source of emissions 

is the generation of energy by the combustion of fossil fuels. Energy for industry, 

transportation and buildings have the most significant contributions of this kind. 

Additionally, emissions related to agriculture form another major source of CO2. To not 
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cause an economic or societal collapse, not all of these emissions could be zeroed 

completely17,18,21. Some industrial and agricultural processes are bound to emit CO2 and 

even if an alternative were available, it would take time to transform these billion-dollar 

industries. It seems unreasonable to think that by 2050 all the stated emission sources 

would be replaced by a carbon neutral alternative. This illustrates why carbon removal 

is a crucial part of the sustainable future proposed by the Paris Agreement.  

 
Figure 1.5: Global greenhouse gas emissions by sector for 201621. 

The launch of the Carbon Negative Shot by the US Department of Energy 

(DOE) in 2021 marked the beginning of a nationwide effort to develop and 

commercialize carbon removal technologies18,22. The goal of this initiative is to reduce 

the cost of removing CO2 from the atmosphere to less than $100 by 2032 to meet the 

net-zero emissions goal by 2050. Direct air capture (DAC), a technology that removes 

CO2 from ambient air, is one of the pillars of the Carbon Negative Shot. DAC could be 

employed to capture legacy emissions as well as emissions from diffusive, hard-to-abate 
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sources17,18. It should be noted that DAC is just part of the solution. Meeting the targets 

of the Paris Agreement and thus avoiding disastrous climate effects can only be 

achieved if DAC is combined with a rapid decarbonization of the energy industry and 

society as a whole23. 

1.1.3 The hydrogen economy 

The H2@Scale initiative is one way the DOE tries to eliminate fossil fuels from 

the energy supply and resource value chain24. It provides a framework for a hydrogen 

(H2) economy, which is believed to be a promising alternative for the fossil fuel-based 

industry of today. This economy, as displayed in Figure 1.6, uses hydrogen as the energy 

resource for several value-added applications such as fuels and industrial products. 

Hydrogen itself is generated by electrolysis, whose electricity is provided by renewable, 

nuclear or carbon captured energy sources. The existing natural gas and hydrogen 

infrastructures are leveraged to facilitate this transformation. The use of H2 as a fuel or 

energy source could decarbonize hard-to-abate sectors such as airplane or truck 

transportation and the heating of buildings24,25.  



9 

 

 
Figure 1.6: Visualization of the H2@Scale initiative by the DOE24. 

A major concern related to the hydrogen economy is the expected leakages of 

H2 gas in the different parts of the supply chain25–28. Being the smallest gas, these leaks 

are estimated to range from 1 to 10%. As illustrated in Figure 1.7, leaked H2 is an 

indirect greenhouse gas which means that it affects the lifetime and concentrations of 

other greenhouse gases. For example, it depletes the troposphere of the hydroxyl radical 

(OH.) which is the main sink for methane. This effect elongates methane’s atmospheric 

lifetime, which makes it a more severe greenhouse gas. 
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Figure 1.7: The indirect greenhouse effects of leaks for green and blue hydrogen28. 

The origin of the H2 is crucial when considering its environmental impact25–27,29. 

There are three main pathways to produce H2. Gray hydrogen, which is employed in 

industry at large scale, is produced by steam methane reforming (SMR) of natural gas. 

Blue hydrogen is also produced by SMR, but it additionally includes carbon capture and 

storage. Green hydrogen is an emerging carbon neutral technology that uses water 

electrolysis to produce H2. A hydrogen economy as proposed by the DOE would only 

reduce CO2 emissions if the emissions related to producing the H2 do not exceed those 

of using a fossil fuel alternative. Gray hydrogen is not suitable for this reason. The 

alternative that many fossil fuel companies push as carbon neutral is blue hydrogen. 

This variant also causes a release of greenhouse gases due to fugitive methane leaks and 

incomplete carbon capture. Although research has not yet reached a consensus on the 
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exact release this causes, most scientists believe that the use of blue hydrogen 

significantly decreases the climate benefit of a hydrogen economy.  

Hauglustaine et al. accounted for both leaks and the difference between blue and 

green hydrogen in their simulations of greenhouse emissions when changing to a 

hydrogen economy25. They show a clear emission decrease when blue hydrogen and 

even green-blue hydrogen mixtures are employed assuming low leakage rates (1-

3%). The climate benefit compared to green hydrogen quickly decreases for the green-

blue hydrogen mixtures with increasing leakage rates (5-10%). Their study of different 

hydrogen roadmaps revealed that efforts within the hydrogen space should be focused 

on making green hydrogen the dominant source and developing leak mitigation 

strategies. Blue hydrogen will most likely form a substantial part of this transition 

towards the hydrogen economy while technologies for producing green hydrogen are 

being optimized over the next ten years25,27,28. It is therefore crucial to employ carbon 

capture solutions that compensate for the CO2 releases related to the use of blue instead 

of green hydrogen.   

This work will study a hydrogen powered carbon capture device, called the 

HEMCC, that acts on the needs expressed in the previous paragraphs. As a direct air 

capture device, it reduces atmospheric CO2 concentrations to approach the Paris 

Agreement targets and to eliminate any legacy emissions. Furthermore, it anticipates a 

transition to the hydrogen economy by running on a low hydrogen feed. The device can 

compensate for CO2 emissions due to blue hydrogen usage. The HEMCC could thus act 

as a mitigation measure that buys us time while we work on a sustainable carbon-neutral 
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future with green hydrogen as the central resource. In the following sections of the 

introduction, the HEMCC device will be introduced (1.2) and subsequently compared 

to other DAC technologies (1.3). Then, the central problem of gas crossover will be 

proposed (1.4), followed by the specific aims that will be pursued during this thesis 

(1.5). 

1.2 Introduction to the HEMCC  

The Hydroxide Exchange Membrane Carbon Capture (HEMCC) device, 

developed by the Yan group at the University of Delaware, could be a viable alternative 

to the current state-of-the-art DAC technologies. This section aims to illustrate the Yan 

group vision, the basics of fuel cells, and the working principle of the HEMCC. 

1.2.1 The Yan group vision 

The Yan group’s work revolves around creating a sustainable, hydrogen-

fueled, and CO2-lean future by employing electrochemical principles. This vision, 

as illustrated in Figure 1.8, is based on the introduction of innovative fuel cells, 

electrolyzers, solar hydrogen generators and redox flow battery designs30. These 

facilitate an energy system that generates electricity from renewable sources (solar and 

wind) which is converted into hydrogen using electrolyzers. This hydrogen can be fed 

to fuel cells that generate clean power for mobile and stationary applications. 

Alternatively, the electricity can be stored on a large scale by employing redox flow 

batteries.  
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Figure 1.8: The Yan group vision that is based on fuel cells (FC), electrolyzers (EL), 

solar hydrogen generators (SH), and redox flow batteries (FB)30. 

Following this vision, the Yan group has introduced various improvements into 

electrolyzers and fuel cells. It has lately been directing its efforts towards employing 

hydroxide exchanges membranes (HEM) into these devices. Operating in alkaline 

media, these systems diverge from the acid environment of the widely used proton 

exchange membranes (PEM), enabling the elimination of precious metals as catalysts, 

and potentially resulting in cheaper devices. A crucial discovery within this vision was 

made in 2021, when fellow group members created a new high-performance HEM, 

given the name PiperIon31. Apart from implementing it into fuel cells and electrolyzers, 

another breakthrough was made regarding the membrane material. By adding a certain 

amount of carbon into the membrane, it can additionally allow for the transport of 

electrons instead of only hydroxides32. This modification resulted in the name ‘Shorted 

PiperIon membrane’. The electron transfer property can be exploited when a fuel cell 

is employed in a somewhat unorthodox configuration. This operation mode, as further 
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described in the following paragraph, transforms the fuel cell into a carbon capture 

device.  Matz et al. (2021) demonstrated this technology by building a first prototype, 

the electrochemically driven CO2 separator (EDCS)33. The device has recently been 

renamed to hydroxide exchange membrane carbon capture (HEMCC), which better 

describes the working principle.  

1.2.2 Fuel cell basics 

An in-depth understanding of the HEMCC working principle requires 

fundamental insight into the operation of a fuel cell, of which the HEMCC is a 

modification. A fuel cell generates power by electrochemically consuming its hydrogen 

and oxygen inlets. The Yan group focuses on fuel cells operated in alkaline media. An 

example of theses hydroxide exchange membrane fuel cells (HEMFC) is displayed in 

Figure 1.9. Hydrogen is fed on the anode side where it undergoes the hydrogen oxidation 

reaction (HOR), which generates electrons. On the cathode side, which is separated 

from the anode by a hydroxide exchange membrane, the oxygen inlet consumes 

electrons via the oxygen reduction reaction (ORR). This reaction creates hydroxides, 

which travel through the membrane completing the circuit. The redox reactions at the 

electrodes occur only when the catalyst has access to the three-phase boundary (TPB). 

The TPB appears at the intersection of the gas phase feed (H2/O2), the hydroxide 

conducting ionomer phase, and the electron conducting solid phase. The flow of 

electrons through an external load circuit generates power which can be used for various 

mobile and stationary applications.  
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Figure 1.9: Working principle of a hydroxide exchange membrane fuel cell30. 

While a PEM system in acidic conditions requires the use of a precious metal 

catalyst (e.g. Pt), this type of HEM fuel cell can be operated with cheaper, non-precious 

metal catalysts30. These electrocatalysts, examples are Ag and Ni, have shown 

promising activity and stability in alkaline systems. Their implementation in HEMFCs 

would lead to lower material costs and easier large-scale implementation.  

1.2.3 Working principle of the HEMCC 

The Hydroxide Exchange Membrane Carbon Capture (HEMCC) device, as 

shown in Figure 1.10, has the same inlets and electrochemical reactions as a hydroxide 

exchange membrane fuel cell (HEMFC)32–34. The hydroxides (OH-) on the cathode 

side, however, can also react with CO2 molecules present in the feed air stream and 

therefore act as a capture species. Another difference with a fuel cell is that the 

membrane is shorted, which means that it allows for electron conduction in addition to 

OH- transfer. If used in a fuel cell, this short-circuiting of the current would be 

undesirable as there is no power generation. Shorting does offer advantages in the 
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HEMCC configuration. Since the current is internalized, there is no need for electrical 

wires, bulky bipolar plates, or current collectors. Additionally, housing can be made out 

of plastic. This makes the device less complex than a fuel cell and its compact nature 

allows for easy scale up and modularization like a typical membrane separation 

installation. Instead of having power generation as the objective, the HEMCC’s aim is 

to capture CO2 out of the air. Since the concentration of CO2 in air is on the scale of 

ppm (400 ppm), only a small H2 feed is needed.  

 
Figure 1.10: Illustration of the working principle of the HEMCC device. 

The device operates by combining the typical fuel cell electrochemical reactions 

with CO2 equilibrium reactions32–34. Figure 1.11 gives an overview of these reactions 

and additionally plots the equilibrium behavior of CO2 and (bi)carbonate with pH. 

Oxygen is reduced on the cathode to hydroxide (OH-), which creates a strongly basic 

environment. These conditions convert the CO2 molecules from ambient air into 

carbonate ions. These ions can travel through the anion exchange membrane towards 
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the less basic anode where they will first turn into bicarbonates. At the anode, hydroxide 

ions are continuously consumed by the hydrogen oxidation reaction while bicarbonates 

build up. This lowers the pH, which in turn shifts the equilibrium back towards CO2. 

These CO2 molecules are then removed in a concentrated gas stream and can be 

sequestered. 

 
Figure 1.11: The electrochemical and CO2 reactions in the HEMCC. The CO2-pH 

   equilibrium plot shows the preferential form depending on the pH35.  

1.3 The HEMCC as a promising direct air capture device 

The development of carbon capture, utilization, and storage (CCUS) 

technologies is one of the four key pillars of industrial decarbonization, as stated by the 

DOE23. As it will be the largest source of long-term emission reductions, roadmap 

modeling predicts this pillar to be essential to reach net-zero emissions.  CCUS consists 

of a wide range of technologies that can be employed in different carbon capture 

applications. The HEMCC with its electrochemical operation as a direct air capture 

device (DAC) is just one of many possible technologies. This section will provide an 

overview of the different carbon capture pathways. Secondly, the HEMCC will be 
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compared to competing DAC technologies, which will quantify the potential benefits of 

the device.  

1.3.1 Direct air capture and other carbon removal technologies 

There are two types of carbon removal technologies, direct air capture (DAC) 

and point source capture, the differences in operation are illustrated in Figure 1.1236–

39. DAC aims to remove CO2 from ambient air at concentrations of about 400 ppm, it 

therefore results in negative emissions. Point source technologies, which deal with 

avoided emissions, are employed locally at the outlets of large emitters, examples are 

the metal industry or geothermal power plants.  

 
Figure 1.12: The different working principles of direct air capture and point source 

capture38. 

The main difference with DAC is that point source capture removes CO2 from 

concentrated streams, which requires less energy and less sophisticated removal 

technologies. Point source capture cannot be employed to mitigate the diffuse emissions 

of the transport sector, the energy used in buildings, and the various fugitive emissions 

whose combined contributions account for about 50% of global greenhouse gas 
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emissions21. The exhaust stream is required to be big and concentrated enough to make 

a point source economically responsible. Furthermore, the design of the device could 

become expensive since it needs to be customized to the specific composition of the 

exhaust stream of each plant. The need for DAC to mitigate the existing, legacy CO2 

concentrations was elaborated upon in Section 1.1. Additionally, point source capture 

rates are generally high but not 100%40,41. This means that even a large-scale 

employment of point source capture would only mitigate CO2 emissions. It is thus 

crucial that highly efficient DAC technologies are developed and employed within the 

next two decades to avoid catastrophic climate change effects. Apart from DAC, there 

are other ways to capture CO2 from the atmosphere and achieve negative carbon 

emissions, Figure 1.13 provides an overview40,42.  

 
Figure 1.13: An overview of carbon negative technologies42. 

Plants capture CO2 naturally by photosynthesis, but their capacity is limited.  

Afforestation or reforestation encompasses efforts to build or rebuild forests to increase 
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this capacity. Having big land requirements and being limited by the growth of the trees, 

these solutions are inefficient and could damage biodiversity40. A similar process to 

DAC is bioenergy with carbon capture and storage (BECCS), which is another industrial 

process aimed at capturing CO2 from the atmosphere40,43. Biomass such as crops contain 

captured CO2 by photosynthesis. These biofuels are burned to generate energy and 

therefore form an alternative for the burning of fossil fuels. By capturing the emitted 

CO2, the process is in theory carbon-neutral or even carbon negative. It is however 

debatable to what degree the captured carbon outweighs the emissions related to 

growing, harvesting, transporting, and processing the biomass40,43,44. Additionally, 

using crops as an energy source not only affects the food security of populations but 

large-scale use also endangers biodiversity because of its high area requirements. 

Enhanced weathering has shown promising results to capture CO2. During this process, 

CO2 dissolved rain chemically reacts with silicate rocks to form bicarbonate ions40,45,46. 

These are subsequently washed into the ocean, where the carbon is stored. This natural 

process can be accelerated by dispersing these rocks in fine particles across large areas 

of land or ocean. Although promising, the rapid change in pH of oceans and rivers 

associated with this technology might have detrimental ecological effects and disturb 

the slow oceanic equilibrium processes. Other carbon negative technologies currently 

in development are biochar, ocean fertilization, and soil carbon sequestration42.  

Given the relatively high maturity of DAC compared to other carbon negative 

technologies and to allow for a direct comparison, the competitors that will be discussed 

in the following section will all be in the field of DAC. 
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1.3.2 Competing DAC technologies  

The DOE’s carbon negative shot, as mentioned earlier, aims to bring down the 

cost of direct air capture to below $100 per ton of CO2 within the next decade18. Over 

the past five years, several companies have scaled up their technologies to capture up to 

a few hundred metric tons of CO2 per year47. This section will briefly introduce some 

of these major players and subsequently compare their capabilities with those of the 

HEMCC. Figure 1.14 shows the companies that will be discussed sorted by their DAC 

technology. 

 
Figure 1.14: Overview of the leading DAC companies and the HEMCC, sorted by 

their technology. 

In 2022, Climeworks was the leading DAC company with a total capture 

capacity of more than 2,000 metric tons of CO2 per year47. This is a large share of the 

total, worldwide annual capacity of 11,000 tons48. Their technology uses highly porous 

solid sorbents to capture CO2 molecules from an air stream by absorption49–53. As 

illustrated in Figure 1.15, the second and most energy intensive phase is the desorption 
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step. Here, the chemisorption process is reversed by increasing the temperature to 100⁰C 

and lowering the pressure to regenerate the sorbent50. The company is currently building 

a 36,000 ton per year facility in Iceland, called Mammoth54,55. Capitalizing on the wide 

availability of geothermal energy in the region, the need for renewable energy supply is 

fulfilled. Global Thermostat, another pioneer in DAC, uses a similar solid absorption 

process56. 

 
Figure 1.15: The two phases of operation of the Climeworks DAC process52. 

Carbon Engineering, a Canadian company, is another player leading the way 

with DAC. Their new installation, being completed in 2024, will be the largest plant in 

the world with initial and potential capacities of subsequently 500,000 and 1 million ton 

of CO2 per year57. Their liquid sorption technology relies on the capture capabilities of 

an alkali capture solution (e.g. potassium hydroxide)51,58. The major drawback of this 

approach is its high energy requirement since regeneration requires temperatures of 

900⁰C. This energy is currently delivered with natural gas, but an electric supply is 

possible as well. 
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Heirloom is a start-up founded in 2021 that applies a radically different 

approach to DAC59–62. Their technology accelerates the natural process of carbon 

mineralization during which calcium oxide reacts with carbon dioxide to create 

limestone. The company starts by heating limestone rocks, which are abundant in 

nature, to 900⁰C. The released CO2 is stored, while the remaining powder, calcium 

oxide, is spread onto trays in a stack that is contacted with ambient air. CO2 is captured 

and turns into limestone, which can be heated again, completing the cycle. Although the 

carbon mineralization process takes years to complete in nature, Heirloom manages to 

execute it in three days. The company received a $600 million award from the DOE to 

build a 1 million ton per year facility in Louisiana60. Although the regeneration is just 

as energy intensive as sorption technologies, the company claims its use of abundant 

limestone costs less than 1% of the traditional absorbents63.  

Mission Zero Technologies introduces electrochemistry into the typical liquid 

sorption process64–67. While the proposed system, as displayed in Figure 1.16, still uses 

a liquid sorbent contactor to capture CO2 out of the air, Mission Zero uses an 

electrochemical unit to switch to a second absorbent that allows for an easier release. 

The captured CO2 in the first absorbent solution is present as bicarbonate (HCO3
-). In 

the electrochemical unit, a voltage is applied that decomposes these target anions from 

the target species in the absorbent by attracting the negative ions (HCO3
-) to the positive 

electrode and the positive ions (H+) to the negative electrode. The first absorbent 

solution loses its HCO3
- target anions and H+ ions to the release solution and the H+ 

supply respectively. Anion and cation exchange membranes allow the ions to be 
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transported and keep the capture species in the first absorbent solution, which is cycled 

back to the gas contactor. Now that the HCO3
- ions are no longer held in the strong 

absorbent solution, they can combine with the H+ ions of the H+ supply channel to form 

carbonic acid. Since carbonic acid is unstable at room temperature, CO2 can be easily 

released in the release chamber without any heating input. The electrochemical unit is 

operated at an elevated pressure (P > 2 bar) to avoid bubble formation and subsequent 

damage to the membranes. By lowering the pressure in the release chamber, the release 

of CO2 is accelerated even more. The HCO3
- lean release solution is cycled back to the 

electrochemical unit to take up HCO3
- and H+ ions again. 

 
Figure 1.16: The author's interpretation of the electrodialysis/capacitive deionization 

approach used by Mission Zero Technologies. 

The electrochemical unit can either be an electrodialysis or a capacitive 

deionization scheme, which are typically used for water desalination67. Both methods 

can be operated continuously by adding conductive particles into the release solution, 

creating flow electrodes. The central chamber, where the first absorbent solution flows, 
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contains a solid electrolyte of porous, ion conducting beads. In its patent, Mission Zero 

proposes to use branched polyethyleneimine (PEI) as the first absorbent. Ethylene 

carbonate is just one example of a release solution that could be utilized. 

Compared to sorption processes, the electrochemical step eliminates the need 

for high temperatures during the release step and it facilitates a continuous 

operation64,65,67. A third advantage is that the drying of CO2, another energy intensive 

step before sequestration, can be limited or eliminated completely. By choosing a non-

aqueous release solution, the water content of the gaseous CO2 outlet stream will be 

significantly lower, possibly not requiring any drying. The main operating cost of the 

technology will be the electricity cost related to the applied voltage. Furthermore, an 

electrodialysis unit is modular, which allows for an easy scale-up.   

Mission Zero Technologies, only founded in 2020, has attracted major interest 

into their patent-pending technology66. One of many planned projects is a 250 ton of 

CO2/year facility in collaboration with Canadian carbon removal giant Deep Sky64. 

Their technology can also be adapted so that electrolysis occurs during the 

electrochemical step, which could deliver a significant amount of hydrogen in addition 

to capturing CO2
67. Finally, similar units could be designed to capture other relevant 

species such as H2S, SO2, NO, NO2 and N2O. 

The list of promising DAC companies is endless. The discussion of the 

companies above gives a glimpse into the different technologies that industry is 

currently working on. The following companies would also be relevant in this 
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discussion: Global Thermostat, AirCapture, Noya, Skytree, Verdox and Fuel Cell 

Energy59,68. 

1.3.3 Comparison of the HEMCC to other DAC technologies 

This section performs an intuitive comparison of the HEMCC to the DAC 

technologies that were introduced above. First, a qualitative discussion highlights the 

advantages and drawbacks of the HEMCC. This is then quantified using process data 

from publications and the websites of the companies. The only goal of this comparison 

is to give the reader insight into the major process-and operational differences between 

them to show that the HEMCC technology is competitive. A techno economic analysis 

(TEA) should be conducted to draw any definite conclusions about this matter. The Yan 

group is currently working on this type of analysis.    

The acquired insight into the unit operations of the different technologies allows 

for a qualitative comparison. The main difference between the novel electrochemical 

techniques (the HEMCC and Mission Zero unit) and the larger scale sorption and 

mineralization technologies such as Climeworks, Carbon Engineering and Heirloom is 

the way the process is operated. While the latter use discontinuous 

absorption/desorption cycles, the HEMCC and the Mission Zero unit can be operated 

continuously for several hundreds of hours. Additionally, the electrochemical 

techniques function at mild temperatures, while the others require high temperatures for 

sorbent release. While the heating energy is significantly lower, the electrochemical 
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technologies require a different energy input. For the HEMCC this is hydrogen, Mission 

Zero uses electricity from the grid to apply the voltage.  

Comparing the HEMCC to a fuel cell also provides some insight into the 

potential benefit of its technology. Since the use of a shorted membrane internalizes the 

current, there is no need for electrical wires, bulky bipolar plates, or current collectors34. 

Cheaper plastic hardware can be used as well. These modifications make the unit more 

compact, cheaper, and more easily scalable than a fuel cell module. The same benefits 

are valid when comparing the HEMCC to the Mission Zero Technologies unit that still 

requires the bulkier and more expensive electrical equipment65. 

Using publicly available data, a quantitative comparison is made between the 

proposed DAC technologies. Table 1 gives an overview of characteristics for each of 

the five companies, of which the energy cost is the final and most important metric.  
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Table 1: Quantitative comparison of the HEMCC with competing DAC technologies
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Similarly to the qualitative discussion, the differences in operating mode -and 

temperature are highlighted. The next entry gives the capacity of the largest unit the 

company is currently operating or building. Climeworks and Carbon Engineering, two 

of the largest DAC companies, are constructing projects of an unprecedented scale right 

now, with capacities of thousands of tons of CO2 removal per year. Heirloom and 

Mission Zero Technologies, both startups, are scaling up their processes so that their 

pilot plants can capture about 1,000 tons of CO2 per year. The HEMCC device has only 

been tested on lab scale, which was estimated to have a capacity of 1 ton of CO2 per 

year.  

The most important element of the table is the energy cost calculation. This 

energy demand, only accounting for the core process unit, is the main driver for the final 

cost of operation. For the sorption and mineralization technologies, this energy 

requirement mainly consists of heating the unit to facilitate CO2 release. For the two 

electrochemical technologies, this demand is related to the applied voltage and the cost 

of the hydrogen feed for Mission Zero Technologies and the HEMCC subsequently. 

With 1.8 MWh/ton CO2, Carbon Engineering has a higher energy demand than 

Climeworks with 1.5 MWh/ton CO2. This is likely due to the lower temperature 

requirement of the solid sorption technology of Climeworks. The exact energy demand 

of Heirloom’s current technology is not available. In one of their reports, they mention 

they target 1.5 MWh/ton CO2, which is the same energy cost as Climeworks71. The 

electrochemical setup of Mission Zero Technologies is reported to have an even lower 

energy demand of 1.4 MWh/ton CO2. The HEMCC finally requires 56 kg H2/ton CO2, 
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as reported in an earlier publication by the Yan group34. A comparison with the 

electricity-based devices can be made by making assumptions for the electricity and 

hydrogen prices, for both of which three values were chosen that correspond to 

situations where these prices stay the same, increase or decrease. This gives for each 

technology a range of energy costs depending on the energy or hydrogen price. The 

lower limits of the energy cost ranges all vary around $50/ton CO2, with Mission Zero 

Technologies having the absolute lowest cost of $42. The energy cost of the HEMCC 

is highly dependent on the assumed hydrogen price. If the hydrogen price is decreased 

to $1/kg, which is another of the DOE’s Earthshots, the HEMCC could be a competitive 

technology with an energy cost of $5673. These conclusions are highly dependent on the 

future behavior of the electricity price in relation to the hydrogen price. Estimations in 

literature about their behavior do not reach a consensus. Since the Yan group is still 

making improvements on the HEMCC device, the hydrogen usage will probably be 

lower in future iterations of the design. Finally, it should be noted that the energy cost 

of the core unit is not the only operational cost and that it is likely that some technologies 

require more additional operational costs than others. The comparison should therefore 

not be used to draw any conclusions, it solely gives an indication of the competitiveness 

of the HEMCC device.  

A final comparison can be made between the HEMCC and Carbon Engineering, 

for which detailed process specifications are available. Table 2 displays the volume, 

weight and hydrogen consumption for a HEMCC that captures 1 ton of CO2 per year. 
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This illustrates two additional benefits of the HEMCC: volume efficiency and 

versatility. 

Table 2: Comparison of volume for the HEMCC vs. Carbon Engineering for a 1 ton of 

CO2 per year unit 

  HEMCC Carbon Engineering 

Removal rate from 400 ppm 60% 99% 74.50% 

Volume (L) 7.7 10 320 

Weight (kg) 17 26 / 

H2 consumption 
(kgH2/tonCO2) 

56 270 / 

The device is more than an order of magnitude smaller than a similar unit of 

Carbon Engineering. Although no weight data is available for Carbon Engineering, it is 

expected that the unit will be significantly lighter as well. Secondly, the HEMCC is a 

versatile device that can swiftly switch operation between different removal rates by 

only changing the input hydrogen feed. As shown in Table 2, this wide range of 

operation comes with a cost. Hydrogen consumption increases drastically when removal 

rates approach 100%. In order to keep the same dimensions of the HEMCC, a lower 

feed must also be applied. Because the required removal rate for DAC is not that high, 

a relatively small hydrogen feed should be sufficient34. 

In conclusion, this comparison with industry leading technologies shows the 

potential benefits of the HEMCC. Its strengths lie in the way the device is operated, it 

works continuously and at a mild temperature of 40⁰C. The compact design and 

therefore easy scale-up is another major advantage. A more mature but similar 

technology is that of Mission Zero Technologies. Having the lowest energy cost of all 

discussed companies, their unit highlights the promising nature of electrochemical 
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DAC. A determining factor for the success of the HEMCC is the hydrogen price, since 

its energy cost is highly dependent on it. Other researchers within the Yan group are 

working on improving the efficiency of electrolysis, which will lead to cheaper 

production of hydrogen.  

1.4 Gas crossover: a possible issue for the HEMCC 

Although showing potential as a direct air capture device, the HEMCC currently 

faces some problems preventing an industrial scale application. The hydrogen usage 

would need to be lowered to make the device economically feasible. Improvements in 

the efficiency of the device, both on the design and operation levels, are needed to 

capture more CO2 with the small hydrogen feed. Colleagues in the Yan group are 

studying this aspect of the HEMCC by gaining insight into the transport mechanisms 

and trying to eliminate back-diffusion. Other work is done on developing a hydrogen 

diffusion barrier that results in a more uniform current distribution, which would in turn 

increase the efficiency of operation and possibly decrease degradation.  

A second concern is the poor durability of the membrane electrode assembly 

(MEA) of the HEMCC, whose degradation would lead to unreliable operation and the 

need for regular replacement of this part of the device. A durability test executed by 

former group member Dr. Lin Shi revealed that the MEA could only operate within 

desirable limits for 450 h32. As illustrated on the time series plot in Figure 1.17, the CO2 

concentration in the outlet, which indicates how much CO2 was not captured, increases 

steadily up to a level at which 99% removal cannot be guaranteed anymore. The tested 
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device used the same MEA as the HEMCC but was not used for DAC. For operation as 

a DAC device, removal rates around 70% are common and therefore removal after 450 

h is not problematic. The behavior of current density, which quantifies how efficiently 

hydroxides are generated and thus how much CO2 can be captured by these anions, is 

more alarming. It decreases from 80 to about 30 mA/cm2 over the testing period. The 

HEMCC operates at current densities as low as 5 mA/cm2, which would likely result in 

less severe degradation. It is expected, however, that the current density would still 

approach values of zero after a few hundred hours of runtime, which means that 

practically no CO2 is captured anymore. Degradation rates of the MEA on this scale 

would be unacceptable for an industrial size DAC unit. Its short lifetime would 

drastically increase the capital cost since the MEA would need to be replaced regularly. 

 
Figure 1.17: Time series plot of CO2 outlet concentration and current density during a 

durability test of the HEMCC device32. 

Current research within the Yan group focuses on designing an ionomer, 

possibly crosslinked, that would result in more resilient membranes and catalyst layers. 

The research into the nature of degradation mechanisms is fairly limited within the 

group. This master’s thesis investigates a potential factor contributing to decreased 
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durability of the HEMCC, namely gas crossover. Addressing this issue alongside 

ongoing efforts to enhance efficiency within the group could elevate the design to that 

of a competitive large-scale device. 

Gas permeation or gas crossover is a commonly discussed phenomenon in fuel 

cells and electrolyzers. It covers the unwanted permeation of hydrogen and oxygen gas 

molecules to the other side of the membrane74. It has been widely studied for proton 

exchange membrane (PEM) fuel cells and electrolyzers. Schalenbach et al. studied the 

hydrogen crossover in Nafion and identified two important consequences75. Crossover 

leads to reactant loss and thus an efficiency decrease. It can also initiate different 

degradation mechanisms that can damage the membrane over time. Additionally, other 

research suggests that gas crossover (especially of O2) can become a safety concern 

since a flammable gas mixture could be formed, which poses a fire and explosion 

risk76,77.  

Of these three major effects of gas crossover, being fuel inefficiency, 

degradation, and safety, the impact of degradation due to crossover on the lifetime of 

the HEMCC seems to be the most stringent issue. Gas crossover testing, during which 

the permeability of the MEA is typically measured, has been conducted by former group 

members to a limited extent. Expanding these tests to the HEMCC would allow for 

direct insight into the efficiency loss and safety risk. These two concerns will therefore 

be quantified first in this thesis. A separate test at the end of the project will then uncover 

the role of gas crossover in the degradation of the HEMCC.  
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1.5 Project scope and specific aims 

This master’s thesis examines the three main effects of gas crossover on the 

HEMCC device. The crossover in the shorted membrane, which was specifically 

designed for carbon capture applications, will be evaluated using a modified version of 

the permeability tests used for fuel cells. These results would give insight into the 

efficiency loss and safety risk related to crossover of either hydrogen or oxygen. The 

degradation due to gas crossover will finally be assessed in an accelerated stress test 

that isolates the crossover degradation mechanisms. The overall research question is 

therefore ‘What is the significance and what are the effects of gas crossover on the 

operation of the HEMCC device?’ The structure of this thesis will proceed through 

the following steps, during which four specific aims and their hypotheses will be 

addressed. 

- A literature review (Chapter 2) should provide further insight into the three 

main consequences of gas crossover. By looking at reported effects in different 

electrochemical devices, an overview of the possible consequences for the HEMCC can 

be constructed. This background knowledge can be applied to refine experimental 

testing. Most attention will be paid to the durability effects of gas crossover since this 

consequence is more complicated than the efficiency and safety influences. 

- The first experimental step is reproducing the preliminary permeability 

data (Chapter 3) that was obtained by former group members as a baseline. This 

includes designing an experimental setup, preferably electrochemical, that can evaluate 
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both the hydrogen (H2) and oxygen (O2) permeabilities. A comparison with values for 

other membranes from literature can be conducted to further verify these results. 

- Because the baseline tests were performed on an unshorted PiperIon 

membrane, testing the shorted membrane of the HEMCC requires some 

modifications to the setup (Chapter 3). The procedure developed during the first step 

will be adapted to test the crossover of the HEMCC in realistic operating conditions. 

Similarly to crossover literature on PEM systems, the influence of the operating 

conditions on the severity of crossover will be evaluated. Partial pressure of H2 or O2, 

relative humidity and temperature are relevant parameters given the application. From 

this analysis, it can be determined whether shorting the membrane influences the 

crossover behavior of the device. Hypothesis: Shorting the membrane influences the 

crossover mechanisms. 

- After isolating the permeabilities of H2 and O2 in the shorted membrane, the 

severity of adverse effects can be investigated. The efficiency decrease due to a loss 

of H2 fuel to crossover (Chapter 4.1) can be calculated from the H2 permeability data. 

Comparing the crossover flow rate of H2 to the input flow rate of the fuel gives an 

indication of the hydrogen loss inefficiency. Hypothesis: During normal operation of 

the HEMCC, the crossover of hydrogen results in a significant loss of fuel. 

- The safety risk (Chapter 4.2) due to the formation of an explosive H2/O2 

mixture after crossover can be determined in a similar manner. Although it is suspected 

that O2 crossover to the anode will be the biggest safety concern, the permeability data 

of both gases should be used to calculate the concentrations in the other gas at both 
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anode and cathode. Comparing these concentrations to the explosive and flammable 

ranges of H2 in O2 and N2, will determine whether there is a safety risk related to the 

operation of the HEMCC. Hypothesis: The crossover of oxygen to the anode side will 

form an explosive mixture.  

- Finally, the degradation mechanisms initiated by gas crossover will be 

uncovered (Chapter 5). A novel gas crossover durability test will be designed to isolate 

the gas crossover degradation from other mechanisms that occur during normal 

HEMCC operation. The performance decay after hours of gas crossover exposure 

should be quantified using different characterization techniques and imaging devices. 

The contribution of gas crossover to the overall durability issue is then estimated. If 

possible, further analysis should determine in which region of the membrane electrode 

assembly the most problematic degradation occurs. Literature suggests two major 

degradation mechanisms related to H2 and O2 crossover: radical attack and ionomer 

deformation due to the heat release of the H2/O2 combustion reaction. Hypothesis: Gas 

crossover will lead to degradation due to both the heat release and radical formation. 

- Chapter 6 will then provide the conclusions of the thesis and give 

recommendations for future work. The latter will include mitigation strategies that could 

limit or eliminate the discussed crossover effects.  
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Chapter 2 

LITERATURE REVIEW ON THE CONSEQUENCES OF GAS CROSSOVER 

IN ELECTROCHEMICAL DEVICES 

This section will provide an overview of the consequences of gas crossover in 

electrochemical devices. Starting from the initial discovery of the shorted membrane 

material, each subsection will try to refine the gas crossover problem until a clear 

hypothesis with detailed testing procedures is obtained. 

2.1 Background on the membrane material and earlier group research 

In 2019, the Yan group published a paper that proposes a hydroxide exchange 

membrane (HEM), further referred to as PiperIon31. Although a lot of current research 

is focused on proton exchange membranes (PEMs), HEMs would allow for the use of 

less costly platinum-group-metal-free catalysts. The developed membrane material, as 

shown in Figure 2.1,  consists of a high molecular weight, rigid and hydrophobic 

aryl backbone with alkaline-stable piperidinium cations. It is this cation that attracts 

hydroxide ions and thus allows for hydroxide mobility/exchange over the membrane. 
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Figure 2.1: The general structure of the PAP hydroxide exchange membrane family 

developed by Wang et al. (2019), with the stable cation being the reason for hydroxide 

conductivity31. 

The PiperIon membrane showed excellent alkaline stability by maintaining its 

ionic conductivity after 2,000 h of exposure to KOH. It is also mechanically robust with 

a high stress at brake and no increased gas crossover after 1,000 cycles in an accelerated 

humidity cycling test. The latter proves that the membrane maintains its mechanical 

integrity even after repeated stress exposures. PiperIon casting was shown to be easily 

scalable while small thicknesses (5 µm) could still be achieved, this was not possible 

with competing HEM materials. The authors identify the ability to obtain thin and robust 

membranes as one of PiperIon’s biggest advantages. This promising behavior was 

evaluated by testing the membrane in a fuel cell device. Compared to other HEM fuel 

cells (HEMFC), which show a continuous decrease in performance from the start of the 

test, the PiperIon membrane keeps operating at the same level for 70 hours. 

Additionally, the membrane is stable at higher temperatures (95°C), which is beneficial 

because of higher catalyst activity. The paper, which proposed a state-of-the-art HEM 

material, sparked a new interest within the research group to develop the next generation 

of fuel cells31. 
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One of the biggest issues of HEMFCs is their sensitivity to CO2, which gives 

rise to significant performance losses due to the resulting pH gradient, even at CO2 

concentrations as low as 5 ppm78,79. Dr. Stephanie Matz, a Yan group member in 2021, 

introduced a smaller HEMFC before the power-generating fuel cell, both containing the 

PiperIon membrane33. The first fuel cell functions as a CO2 scrubber and is the earliest 

version of the HEMCC device that we know today. It works at a low current density, 

which requires only a small hydrogen feed of around 3% of the stack consumption of 

the downstream fuel cell. Additionally, the waste hydrogen in the nitrogen outlet from 

the main fuel cell can be used as fuel for the upstream CO2 scrubber. This eliminates a 

significant portion of the required parasitic power. The proposed design was able to 

remove 98% of the 400 ppm of CO2 in the inlet. 

Other group members, Doctors Lin Shi and Yun Zhao, made a small but 

important modification to the PiperIon membrane composition32. By introducing 

Vulcan XC-72R as a carbon additive, the ionomer allows for electron transport in 

addition to only anion transport. This short-circuiting of the current would be 

undesirable for a fuel cell as there is no power generation, but it offers many advantages 

when the device is used as a CO2 scrubber. Since the current is internalized, there is no 

need for electrical wires, bulky bipolar plates, or current collectors. Two major 

challenges arise because of this new membrane composition. One is that controlling the 

current density is less straightforward because the system is short-circuited. The Yan 

group is already conducting research in this area and found that controlling the hydrogen 

concentration is a good alternative. The second challenge is that the CO2 capture 
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performance decreases over time, as illustrated in Figure 1.17 in Section 1.4. Analyzing 

this durability issue, which the paper hypotheses to be due to ionomer degradation, is 

the fourth aim of this thesis that will be addressed in Chapter 4. 

Dr. Stephanie Matz proposed a few months later that using the hydroxide 

exchange membrane carbon capture device (HEMCC) as a CO2 scrubber for HEM fuel 

cell pretreatment is not the only potential application33,34. Her paper examines the 

performance of the HEMCC in four different applications and compares the device 

to the current state-of-the-art technology. Apart from the fuel cell pretreatment, also the 

cases of direct air capture, submarine life-support, and space habitation were explored. 

The use for direct air capture, addressing the issue of global warming, will be the main 

focus of this discussion. Compared to the absorbent bed technology, the HEMCC shows 

potential, especially based on volume efficiency (see Section  1.3). The paper specifies 

the optimal operation conditions for DAC, being a temperature of 40°C, a current 

density of 5 mA/cm2, and certain inlet flow rates of air and hydrogen. A stack design 

with 340 cells was proposed as the first application for direct air capture on a scale of 1 

ton of CO2 per year. This paper showed the potential of using the HEMCC as a DAC 

device, but the limitations of the device are still apparent. The limited efficiency that 

drives up hydrogen cost and its relatively short lifetime are the major concerns 

surrounding industrial application. Utilizing the HEMCC for air revitalization for 

spacecraft cabin air is another application that has been studied extensively by the 

research group. Both Dr. Stephanie Matz and Marco Colin Martinez examined the 

potential of the device for supporting a six-person crew80,81. The final volume and 
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weight of the HEMCC in this application were estimated at 3 L and 13.6 kg, which is a 

reduction of respectively 10% and 20% compared to the CDRA CO2 removal device 

currently used in the International Space Station. Although this thesis focuses on the 

DAC application, the acquired insight on this topic will advance the technology in other 

applications as well. 

2.2 The gas crossover phenomenon 

2.2.1 Definition and transport mechanism 

Gas crossover is the phenomenon during which gases in an electrochemical 

device permeate through the membrane to the other electrode75,77,82. Occurring in both 

fuel cells and electrolyzers, gas crossover mostly refers to the transport of hydrogen 

and oxygen to the other side of the membrane. The general idea of gas crossover in 

the HEMCC is illustrated in Figure 2.2. As will be discussed in detail in Sections 2.3, 

2.4, and 2.5, gas crossover has an efficiency decrease, a safety risk, and MEA 

degradation as its three main effects. Nitrogen, which is abundant in the air feed on the 

cathode, is another crossover gas83. By crossing over to the anode side, nitrogen can 

locally decrease the H2 concentration, which can lead to fuel starvation and subsequent 

degradation84. This effect will not be discussed as it is expected to be less significant. 
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Figure 2.2: Illustration of the gas crossover mechanism in the HEMCC. 

Within fuel cell and electrolyzer research, reducing the membrane thickness is 

one of the most discussed pathways to increase device efficiency as it lowers the ohmic 

resistance75,83. The increased gas crossover and lower stability of thinner membranes 

form an inherent limit to this technique. While both PEM and HEM membranes are 

ideally non-permeable, their porous nature will always allow for a certain amount 

of gas to crossover85–87. Especially the small hydrogen molecules will permeate 

through the pores that are necessary for hydration and efficient ion conduction. This 

effect is the most extreme in high-pressure electrolyzers where the crossover is 

increased by the higher hydrogen pressure77,88. At the atmospheric pressure and 

moderate H2 concentrations of the HEMCC, the crossover will be less intense, but it is 

still expected that its effects will be relevant. 

The mechanism of gas crossover was described in detail by Schalenbach et al. 

(2016) for a PEM system75. The porous solid electrolyte in the membrane facilitates gas 

crossover but its permeability is lower than that of water. When hydrated, the majority 
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of crossover will thus occur via the water channels in the membrane. Detours in the 

porous structure are avoided by shortcuts during which the gas permeates through the 

solid polymer phase. This mixed pathway of gas crossover is illustrated in Figure 2.3 

for H2, the same behavior is valid for O2. This shows how significant the effect of 

hydration is for enhancing gas crossover. Additionally, the authors showed that 

diffusion is the sole transport mechanism of gas crossover. The pressure-dependent 

convectional transport observed in typical membranes was eliminated, as the crossover 

remained identical under two distinct pressure differentials. Although this mechanism 

was proposed for Nafion, a PEM, the same can be expected for the HEM of the HEMCC 

device. Both membrane types have a similar porous structure with water channels, 

which will likely result in a similar diffusion transport.  

 
Figure 2.3: The mixed pathway permeation mechanism identified by Schalenbach et 

al. (2015), which shows the crucial role of hydration75. 
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2.2.2 Theoretical description  

The diffusional transport proposed above can be described with simple formulas. 

The most common way of characterizing crossover is the permeability, a material 

property with units [mol/Pa.s.cm] that is independent of membrane thickness and gas 

concentration75. It therefore allows for the comparison of different membrane materials. 

Crossover current can alternatively be used, but because it is thickness and 

concentration dependent it can only be used to evaluate membranes in the same 

conditions88. What follows is a simple model for gas crossover in terms of permeability 

for a fuel cell device, which is also valid for the HEMCC. The model was adapted from 

Schalenbach et al. (2015)75. More complex models are available in literature82,89,90. 

The transport of crossover gas molecules by diffusion is described by Fick’s 

Law, as shown in Equation (1). Where the crossover molar flux is dependent on the 

diffusion coefficient of the gas D, the concentration difference over the membrane, and 

the membrane thickness d. Convection contributions, which would follow Darcy’s law, 

were shown to be not applicable.  

Ncross = −D ∗
Δc

𝑑
       (1) 

With Henry’s law, the concentration difference can be converted into a partial 

pressure difference using the solubility S. The product of diffusivity and solubility is 

known as the permeability 𝜖. 

c = p ∗ S       (2)                      𝜖 = 𝐷 ∗ 𝑆       (3) 
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Filling (2) and (3) back into Fick’s law gives the crossover flux in terms of the 

gas partial pressure difference. 

Ncross = −ϵ ∗
Δp

𝑑
       (4) 

This final form can directly be employed to relate gas chromatography 

measurements to permeability, which is frequently done in fuel cell literature. The 

equation is also the starting point for electrochemical crossover measurements, which 

will be employed later on in this thesis (Chapter 3).   

2.2.3 Effect of operating conditions 

This final section on the gas crossover phenomenon discusses its dependence on 

operating conditions. These include temperature, relative humidity, pressure, and feed 

gas concentration. Their influence depends on the membrane and the application it is 

used for. Since the HEMCC is a modified version of a fuel cell, fuel cell literature can 

be consulted. Schalenbach et al. (2015) examined the operating conditions for Nafion 

(PEM)75. Increasing the temperature leads to a linear increase in the permeability on a 

logarithmic scale. This is the case for both a dry as well as a fully hydrated membrane. 

These findings, valid for hydrogen and oxygen, are displayed in Figure 2.4. 
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Figure 2.4: The temperature influence on the permeability of H2 and O2 in Nafion75. 

A similar test was conducted while varying the relative humidity. The data (not 

displayed here) again shows how hydration accelerates gas crossover. An approximately 

linear relationship between permeability and relative humidity was observed. Pressure 

generally does not have a significant influence on the crossover that is observed, this is 

because the crossover transport is purely based on diffusion. The partial pressure of the 

crossover gas or feed gas concentration does play an important role. Following Fick’s 

law, this parameter will linearly increase the crossover effect. The higher the 

concentration on one side of the membrane, the higher the degree of crossover. 

Experiments confirmed this theory, as shown in Figure 2.5 for H2. The graph also 

confirms that applying a differential pressure and thus promoting transfer by convection 

does not increase the permeability.  
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Figure 2.5: Linear relationship between H2 partial pressure and permeability75. 

Inaba et al. (2006) and Kocha et al. (2006) reported similar findings for the 

influences of temperature, relative humidity, and partial pressure.  Nguyen et al. (2020) 

simulated this type of behavior and provided more fundamental insight into the origin 

of the temperature and relative humidity influences82. When water is absorbed (higher 

relative humidity) on the dry polymer, the membrane swells and swollen clusters begin 

to grow allowing for easier gas permeation. Additionally, thermal expansion due to a 

temperature increase can enlarge these clusters as well. Both influences thus increase 

the diffusion coefficient through the membrane.  

Another relevant parameter is the membrane thickness. Although the 

permeability formula is independent of it, the thickness will determine how severe the 

crossover is in a specific device. The crossover flux, as calculated by Fick’s law, is 

inversely dependent on the membrane thickness. A thicker membrane increases the 

distance a gas molecule must travel, which lowers the amount of gas crossover. The 

Truc and Fushinobu (2020) nicely illustrated this behavior in their simulations82. 
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2.3 The efficiency loss due to gas crossover 

The crossover of hydrogen from the anode to the cathode side of the membrane 

can result in an efficiency loss. By crossing over, the fuel (H2) for the HEMCC 

cannot be utilized for the electrochemical reaction that drives the cell. The crossed-

over hydrogen will combust with oxygen to generate heat and water74,83. Since H2 

consumption is one of the main cost drivers of the HEMCC, this type of fuel loss is 

highly undesirable. The crossover of oxygen will not have a significant influence on the 

operating efficiency because oxygen is abundant in the air that is fed into the HEMCC 

from which CO2 is captured. 

The crossover efficiency problem in the HEMCC is similar to what fuel cells 

encounter. The Truc et al. (2018) identified this fuel loss in a PEM fuel cell, where 

useful work is lost due to hydrogen crossover. In the HEMCC, this loss of useful work 

is not in the form of electricity, but it presents itself as a missed opportunity for CO2 

capture. A polarization curve is a typical way to illustrate the overall loss of useful work 

for a fuel cell compared to the thermodynamic limit ETD
88. As shown in Figure 2.6, the 

loss of work due to hydrogen crossover is only one of various contributions91. These 

irreversibilities, also called overpotentials, limit the voltage of the cell while their 

severity depends on the current (i) that is drawn from the cell92. The actual cell voltage 

(E) is therefore limited by these overpotentials (η) as given in Equation (5).  

𝐸(𝑖) = 𝐸𝑇𝐷 − ηOCV − ηkin − ηohmic − ηMT      (5) 

With kinetic losses (ηkin), ohmic resistances (ηohmic) and mass transport 

limitations (ηMT) each becoming more relevant with increasing current. Hydrogen 
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crossover is part of the open circuit losses (𝛈𝐎𝐂𝐕) that are always present, even when 

no current is drawn.  

 
Figure 2.6: Polarization curve of a fuel cell with overpotential contributions indicated 

in color, one of which is H2 crossover91. 

The open circuit loss consists of three effects: mixed potentials, H2 crossover, 

and electrical short-circuit92. Mixed potentials occur because the platinum catalyst (Pt) 

is oxidized, creating a PtO layer on the catalyst, which causes a potential drop. H2 

crossover and short-circuiting are two equivalent effects that occur for thin 

membranes. Thin membranes are desirable because they have an increased ion 

conductivity and thus a higher operating efficiency93. Hydrogen and electrons traveling 

through the membrane because of this smaller thickness have the opposite effect. 

Crossover hydrogen reacts immediately at the cathode so that the two electrons that 

would normally be provided by H2 oxidation at the anode are lost. This effect is 
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equivalent to electrons going through the membrane instead of over the external circuit 

to drive the current. Although these three OCV losses are negligible at high current 

densities, they are extremely relevant for the low current density operation of the 

HEMCC92. Especially for thin membranes, hydrogen crossover can drastically decrease 

fuel efficiency. A typical crossover current for a fresh PEM fuel cell lies between 0.1 

and 1 mA/cm2, which can increase up to 10-20 mA/cm2 during its operation life94,95. 

Schalenbach et al. (2013) and Kocha et al. (2006) additionally stress that operating at 

elevated pressures, which is typical for both fuel cells and electrolyzers, can lead to even 

more severe hydrogen crossover77,83.  

2.4 The safety risk due to gas crossover 

A second possible consequence of gas crossover is the creation of an explosive 

mixture. This could pose a significant safety risk for the operation of the HEMCC. 

Crossover of the fuel H2 molecules to the cathode and O2 molecules in the air feed to 

the anode creates H2 in O2 mixtures on both sides of the membrane75,77,96. If significant 

crossover does occur, these concentrations could approach the flammability region. 

Figure 2.7 shows this region for H2, O2, and N2 mixtures. Here, the lower flammability 

limit (LFL) for H2 crossing over to the air on the cathode is 4%. Crossover oxygen to 

the anode is limited to 6% by the upper flammability limit (UFL) of 94% H2 in O2
97. As 

long as crossover results in concentrations within these limits, there is no safety risk 

related to the operation of the HEMCC. Since the device operates at moderate 

temperature and pressure, the effect of temperature and pressure on these limits should 
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not be considered. Schalenbach et al. (2013) proposed to use concentrations of 2% as 

thresholds for safe operation77.  

 
Figure 2.7: Flammability diagram of hydrogen, oxygen, and nitrogen mixtures where 

the LFL in air and the UFL in O2 are relevant for the HEMCC97. 

Most of the safety concerns around gas crossover for electrochemical systems 

are concentrated on electrolyzers76,77,98–101. During high-pressure electrolysis, which is 

the most common operating mode, the produced H2 can more easily diffuse through the 

membrane because of its high partial pressure. Additionally, Schalenbach et al. (2013) 

and Grigoriev et al. (2013) indicate that the severity of crossover is highly dependent 

on the membrane thickness and the current density the device is operated at77,98. Thin 

membranes and low current densities could lead to detrimental crossover effects and 

unsafe operation. This safety risk is the highest during the start-up of electrolysis and at 

the end of the operating life of the membrane102. 
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For fuel-cell-like operations, such as the HEMCC, the safety risk of crossover is 

less severe because the hydrogen that is fed into the cell is consumed and is therefore 

only present in relatively small concentrations. It does become more relevant after 

prolonged operation, during which membrane thinning and pinhole formation 

become more prominent96,103–105. Both have increased crossover as a result. This 

behavior is accelerated by regular start-up processes and by operation at low 

humidification84,96. 

2.5 Degradation in membrane electrode assemblies 

The third and final major consequence of gas crossover is degradation of the 

membrane electrode assembly (MEA). While gas crossover’s effects on efficiency and 

safety were easily isolated, degradation and gas crossover have a more complex 

relationship. Crossover is just one of many degradation mechanisms that occur in fuel 

cells and literature has not yet reached a consensus on the relative importance of gas 

crossover in the overall degradation. This section aims to give a brief overview of the 

typical durability issues that are encountered for MEAs in fuel cells. This discussion 

will focus on the durability of hydroxide exchange membranes, of which the PiperIon 

of the HEMCC is an example. Thereafter, the two major degradation mechanisms due 

to gas crossover, radical attack, and heat release effects, will be introduced.  

2.5.1 Overview of degradation in hydroxide exchange membrane fuel cells 

Literature provides a wide range of papers and different theories for proton 

exchange membranes (PEM), while research on HEMs is more limited. The shorted 
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PiperIon membrane, which is a HEM but optimized for carbon capture instead of power 

generation, has not yet been studied in terms of degradation mechanisms. In what 

follows, the durability of both PEMs and HEMs will be studied so that a hypothesis 

can be made for the durability study of the shorted membrane. It should be noted 

that there is a difference between fuel cell durability and CO2 capture durability, as the 

two refer to different KPI’s. Fuel cell durability testing typically refers to doing a 

voltage or current hold and measuring the decrease of the other. CO2 capture durability 

is tested at a constant current density by measuring the decrease in CO2 removal over 

time, as illustrated in Figure 1.17 in Section 1.4. It is therefore possible that the 

degradation mechanisms suggested below for fuel cell PEMs and HEMs do not all apply 

to the shorted membrane for carbon capture in the HEMCC. 

The most recent work on durability in the research group was executed by Dr. 

Catherine Weiss. She presented some of her findings during a talk at AICHE 2023106. 

Dr. Weiss tested the durability of the original, unshorted, PiperIon membrane for 

application into fuel cells. Her work identified that the integrity of the MEA is the most 

problematic aspect of fuel cell durability. She found the most severe degradation on the 

cathode side and identified three major degradation mechanisms: alkaline instability 

of the ionomer, carbon corrosion of the catalyst support, and cleavage of the ionomer 

backbone due to oxygen radicals. Although she has not published her exact conclusions, 

she found the radical degradation of the ionomer to be the major degradation 

mechanism, which was accelerated by the carbon support corrosion. The next 

paragraphs will discuss these three degradation mechanisms in more detail. While trying 
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to use articles on the more closely related HEMs, sometimes PEM literature is consulted 

because it provides a wider coverage on the durability topic. Figure 2.8 gives an 

overview of the three mechanisms that will be discussed, it should however be noted 

that these are not the only sources of degradation that will occur. The overall 

degradation will be a complex interplay of various degradation mechanisms acting on 

different parts of the cell (the MEA, gas diffusion layers, hardware, ...). Using the 

findings from Dr. Weiss on fuel cells, it is expected that the three selected mechanisms 

will be dominant in the shorted membrane of the HEMCC as well.   

 
Figure 2.8: An overview of the degradation mechanism that will be discussed in this 

section, using illustrations from107–110. 

The first degradation mechanism is the alkaline instability of the ionomer, 

which Dr. Weiss labeled as the least significant. Cheng et al. (2015) describe the issue 

of low alkaline stability in HEM fuel cells110. A HEM needs sufficient hydroxide (OH-

) conductivity to allow for efficient and high-power density operation. This is fulfilled 

by the PiperIon membrane of the HEMCC, as described in the first section of this 

literature review.  While allowing for sufficient ion conduction, typical HEMs have low 
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chemical stability. The hydroxides traveling through the membrane decompose the 

quaternary ammonium cation of the ionomer that is responsible for the ion conductivity 

in the first place. This alkali attack results in a gradual degradation of the ionomer which 

causes a loss in ionic conductivity. Depending on the structure of the ionomer, one of 

three attack mechanisms can occur: Hofmann elimination, nucleophilic substitution, and 

E1 elimination. The former is shown in Figure 2.9 as an example. 

 
Figure 2.9: Degradation of the quaternary ionomer group of the ionomer by Hofmann 

elimination109. 

The operating conditions, the cation content of the membrane, and the nature of 

the material itself highly influence the severity of this mechanism. Cheng et al. (2015) 

make recommendations for tuning the backbone and sidechains to optimize its stability. 

The unshorted PiperIon membrane is already highly optimized and it shows excellent 

durability against alkaline attack31. This was confirmed by Dr. Weiss’s test results. It is 

therefore unlikely that this attack principle is the main cause of the degradation in the 

shorted version, applied in the HEMCC. A more recent paper by You et al. (2020), 

discusses the rapid development of more stable cations and polymer backbones111. The 

PiperIon has similar durability characteristics as the materials discussed in this paper31. 

The authors point out that in addition to membrane characterization, more device-level 

testing is required since stability issues can originate from other sources as well. The 
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degradation mechanisms discussed in the following two paragraphs are examples of 

these non-membrane sources. 

Carbon corrosion of the catalyst support was identified by Dr. Weiss as a 

more likely cause for the degradation issue. This effect takes place in the catalyst layer 

where platinum catalyst particles are attached to carbon supports and a thin layer of 

ionomer is present. Zhao et al. (2021) provided an overview of the most likely 

mechanisms of carbon corrosion in PEMFCs with an automotive application in mind108. 

Carbon corrosion, whose main mechanisms are shown in Figure 2.10, refers to the 

electrochemical oxidation of carbon. On the one hand, the conversion to CO2 decreases 

the amount of carbon for platinum (Pt) catalyst loading. On the other hand, the 

interaction between the carbon support and the Pt particles will be weakened. These two 

phenomena cause the Pt particles to detach from the catalyst support or agglomerate, 

which decreases the performance of the cell significantly because the catalyst surface 

area is lowered. The paper provides the three main conditions during which carbon 

corrosion occurs in a PEM system, as illustrated in Figure 2.10.  

 
Figure 2.10: Overview of carbon corrosion mechanisms in three operating conditions, 

as provided by Zhao et al. (2021)108. 
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The first condition is during startup or shutdown of the cell when distinct 

hydrogen and air regions form at the anode. Electrochemical reactions create an 

interfacial potential difference that drives the carbon oxidation reaction on the cathode. 

This phenomenon, also called reverse-current decay, was shown to occur in HEMs as 

well by former group member Dr. Robert Kasper84. Although his paper proves startup 

to be a significant contributor to carbon corrosion, this will likely not be a significant 

cause in the HEMCC with the shorted membrane. It can easily be avoided by purging 

the hydrogen inlet with an inert gas (N2) before operation, which is already standard 

practice for testing within the research group. Additionally, the HEMCC is meant to be 

operated continuously for its entire lifetime, while fuel cells in automotive applications 

experience startup effects regularly.  

Water flooding, which Dr. Weiss studied in detail as well, is a more likely cause 

for carbon corrosion in HEMFCs. Excessive production of water will limit hydrogen’s 

ability to enter the catalytic layer, increasing the anode potential so that the water is 

oxidized108. This produced oxygen, together with oxygen resulting from gas crossover, 

forms a hydrogen-oxygen interface at the anode. This situation causes a similar 

corrosion mechanism as during startup, degrading the cathode electrode. Since flooding 

is most severe at high current densities, this problem will be limited for the HEMCC. 

The device operates at a low current density with a small hydrogen feed because only a 

ppm concentration of CO2 is captured by the HEMCC. Therefore, only a small amount 

of water will be produced. This is the first mechanism where gas crossover (of oxygen) 

appears as a degradation cause. 
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Finally, carbon corrosion continuously occurs during normal operation because 

the electrochemical reaction is driven by a high voltage84,108. For automotive 

applications, corrosion is accelerated by varying voltage outputs that regularly go to an 

even higher level. Although this acceleration is not applicable for the HEMCC, carbon 

corrosion is greatly accelerated by another effect: hydrogen crossover. The migration of 

hydrogen over the membrane to the cathode side leads to the formation of radical 

species. These radicals will participate in and stimulate the irreversible carbon 

corrosion, leading to a loss in Pt catalyst active area.  

Zhao et al. (2021) suggest mitigation measures for these three cases, which 

might become useful later on in this research project108. Another paper on carbon 

corrosion by Yang-Neyerlin et al. (2021), now for HEMs, reported similar results as 

both Zhao et al. for PEMs and Dr. Weiss for HEMs112. Carbon corrosion and Pt 

nanoparticle growth were identified with a microscope. The most vicious degradation 

occurred at the cathode. Poor water management was found to be a major contributor to 

this issue. 

A third and final degradation mechanism identified by former group member 

Dr. Weiss is the cleavage of the ionomer backbone because of oxygen radicals. There 

is little HEM research available on this topic. Li et al. (2023) cover it in the most detail 

with their stability testing on HEMs. While most papers evaluate the alkaline stability 

(which was the first proposed mechanism), they do not take other reaction mechanisms 

into account. Li et al. identify carbon corrosion and radical attack as the most significant 

alternative mechanisms. Using various analyses, the paper conducts durability tests over 
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60 hours and measures the contributions of the membrane and catalyst layers separately. 

While the membrane remained fairly unchanged, severe degradation was observed in 

the catalyst layers. Figure 2.11 illustrates one of the main findings of the paper. The 

cathode catalyst layer showed degradation damage, its ionic resistance increased sixfold 

compared to the beginning of life (BOL) value. This means that the hydroxide 

conduction in the catalyst layers is more challenging, which decreases the overall 

performance of the fuel cell.  

 
Figure 2.11: Ionic resistance increase in the catalyst layers before and after the 

durability test by Li et al., where the cathode is the most problematic113. 

The authors found a noticeable decrease in electrochemical surface area in the 

catalyst layers, which could result from two effects: Pt agglomeration due to carbon 

corrosion or the earlier mentioned decrease in ionic conductivity of the catalyst layer, 

which results in worse Pt surface accessibility113. Further testing revealed that the 

ionomer in the catalyst degraded during the stability test which gives this lower 

utilization of the Pt catalyst. Apart from the same ionomer degradation pathways 
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proposed in the first part of this discussion, the paper also mentions oxidative radical 

induced electrophilic degradation as a possible mechanism. The reason for this is the 

susceptibility of piperidinium to electrophilic attack, which is also present in the 

PiperIon membrane used in the HEMCC. The authors conclude that the applied voltage 

and the occurrence of radicals are the two main reasons why the ionomer in the catalyst 

layer degraded so much compared to the membrane. The cathode side degraded more 

severely because of the oxygen reduction reaction that causes a higher potential and 

more radical generation. Over the 60-hour test, it was found that the ionomer in the 

catalyst layer degraded by 20-30%. 

2.5.2 Radical attack on the ionomer  

The chemical degradation of the ionomer can be divided into two categories: 

nucleophilic degradation due to hydroxide attack and oxidative degradation by reactive 

oxygen species (ROS)114. While the former was already eliminated as an important 

degradation source for the stable PiperIon, the study of these ROS could be of 

paramount importance, as already indicated in the previous paragraph. Dr. Catherine 

Weiss identified the radical degradation mechanism of the ROS as the major source of 

degradation in the PiperIon HEM in a fuel cell application106. The shorted PiperIon 

membrane of the HEMCC likely shows the same behavior. This section will discuss the 

two most likely sources of these radicals: gas crossover and the 2-electron oxygen 

reduction reaction.  
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2.5.2.1 Gas crossover as a source of radicals 

The first source of ionomer-degrading radicals is gas crossover. In what follows, 

PEM literature will be consulted for details on radical formation due to crossover and 

the attack mechanisms that radicals can have on the ionomer. Mittal et al. (2006a) 

studied membrane degradation on Nafion and whether it is dependent on operating 

conditions115. The authors attribute the degradation to the hydrogen peroxide (H2O2) 

that is created when H2 and O2 react in the presence of a catalyst. This reaction is only 

possible when there is crossover of one of the two gases. Followed by its decomposition 

into active oxygen radicals, H2O2 is indirectly responsible for the radical attack that 

degrades the membrane. Baker (2017) explains the two pathways by which H2O2 can 

be created in a fuel cell116. As shown in Figure 2.12, it can result from an electrochemical 

reduction of oxygen, both directly on the cathode and on the anode after O2 crossover. 

Alternatively, a chemical reaction between hydrogen and oxygen on Pt can form H2O2 

as well, this would occur after crossover of either H2 or O2. The peroxide then forms a 

hydroxyl radical, one of the ROS, that attacks the polymer backbone of the membrane. 

The author also clarifies that there is evidence that these reactive oxygen species, such 

as radicals, could also be generated independently of the hydrogen peroxide due to a 

direct reaction on the Pt catalyst.  

 
Figure 2.12: The electrochemical and chemical pathways to H2O2 in a fuel cell and 

the subsequent formation of the hydroxyl radical116. 
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Mittal et al. (2006b) showed in a follow-up paper that H2O2 alone could not be 

responsible for the degradation117. After measuring the content of H2O2 present in the 

cell, they concluded that there must be another mechanism creating the harmful radicals. 

The following year, Mittal et al. (2007) published their final paper on this topic118. They 

found the dominating membrane degradation mechanism to occur when H2 and O2 react 

on the surface of the Pt catalyst to immediately form active oxygen membrane-

degrading species. The source of the H2 or O2 is gas crossover from the other side of the 

membrane. The radical generation mechanism is still not specified. The authors ruled 

out H2O2 as a major source and also tested whether radical species that are formed as 

intermediates in the oxygen reduction reaction at the cathode could be the leading cause. 

The latter was also proven not to be the main mechanism. The authors finally 

hypothesized the mechanism that creates these radical species to be a complex multistep 

reaction that depends on the surface properties of the Pt catalyst. The severity of the 

reaction increases with relative humidity because water functions as the medium for the 

species to absorb in. This hypothesis was formed to fit the obtained experimental results, 

no additional theoretical basis was provided.  

The radical formation mechanism was unraveled by Yu et al. in 2011 using 

density functional theory (DFT) and simulating the behavior with quantum mechanical 

calculations119. Degradation in Nafion is caused by generation of trace radical species, 

examples are OH● and H●, when H2, O2 and Pt are brought together. They state that 

the general consensus is that the radicals do originate from the formation of hydrogen 

peroxide, which is the opposite of what Mittal et al. claimed in 2007. Two major 
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mechanisms of radical attack were found: (i) OH attack on the S-C bond and (ii) OH 

attack on H2 crossover gas to form a hydrogen radical that attacks the C-F bond. The 

products of these reactions have all been observed in the exit of fuel cells by other 

research, which validates their calculations. The paper finds H2 and O2 crossover as a 

major source of radical generation. Gubler et al. (2011) finally recognized both the H2O2 

origin and the work from Mittal et al120. They provide a theoretical framework where 

H2O2 is given as a parent molecule that generates different radicals. The occurrence of 

these radicals and their oxidative strength are calculated, which leads to a determination 

of dominant degradation pathways. A review paper by Ishimoto and Koyama (2012) 

summarizes all the recent findings by quantum mechanical analyses107. They confirm 

that most research attributes the origin of the attacking free radicals to H2O2 generation 

at the cathode as a result of hydrogen crossover. The hydrogen peroxide decomposes 

into OH●, OOH● and H● radicals, the reactive oxygen species (ROS) identified earlier. 

These species attack two parts of the ionomer. The main chain is decomposed by OH● 

that attacks the terminal -COOH group. This unzipping mechanism is shown in Figure 

2.13. The side chain of the ionomer is cleaved at the ether groups by a similar OH● 

attack mechanism. These two mechanisms, which were hypothesized from experimental 

results, were eventually validated by DFT calculations. 

 
Figure 2.13: The unzipping mechanism of the radical OH attack on the ionomer main 

chain107. 
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2.5.2.2 Two electron ORR as a source of radicals 

Besides gas crossover, literature suggests another source for reactive oxygen 

radicals: the two-electron oxygen reduction reaction (ORR)114,121–123. This reaction 

occurs at high pH, which makes it only relevant for the alkaline environment of 

hydroxide exchange membranes (HEM). During the 2e- ORR reaction oxygen is 

reduced into hydrogen peroxide. The carbon support of the catalyst layer functions as a 

catalyst for this reaction at high pH. H2O2 then decomposes into various reactive oxygen 

species. Figure 2.14 shows the two-step decomposition into hydroxyl (OH-●) and 

superoxide (O2
-●) radicals. In alkaline media, the superoxide radical is favored over the 

other ROS114. This is an important difference with the above discussion on radicals from 

crossover where only the dominant radicals in acid PEM systems were discussed due to 

lack of literature on HEMs. The superoxide radical can also be expected to be dominant 

as a crossover radical since its origin, hydrogen peroxide, is the exact same as in the 2e- 

ORR case. 

 
Figure 2.14: Decomposition of hydrogen peroxide in alkaline medium into hydroxyl 

and superoxide radicals124. 

Similarly to PEM systems, it has been reported that these free radicals will attack 

the backbone of the ionomer114,125. Especially aromatic sections of the polymer, which 

the PiperIon has, are susceptible to this. Wierzbicki et al. additionally reported that the 

superoxide anion radical can also spontaneously be created when O2 and OH- react.125 
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The radical species as a result of the 2e- ORR occur almost exclusively on the cathode 

where oxygen is fed. This means that the majority of the degradation will appear in the 

cathode catalyst layer, which was also confirmed by Dr. Weiss and other fuel cell 

literature106,113,114,125. In the catalyst layer, the mechanical strength of the ionomer is 

compromised which results in catalyst layer delamination. This type of degradation will 

have a detrimental effect on the efficient operation of fuels and the HEMCC device.  

2.5.3 Heat release due to gas crossover 

The second and more straightforward durability consequence of gas crossover 

is the heat release accompanying the phenomenon. When either hydrogen or oxygen 

cross over to the other side of the membrane, heat will be released with the catalytic 

combustion of H2 and O2
126–128. This creates hotspots, intense local heating points, 

where the catalyst and ionomer structures are damaged. This amounts to a loss of 

catalyst activity of Pt and ion conductivity of the ionomer126,129.  

Continued heating due to crossover can eventually create pinholes in the 

membrane through which even more gas can cross over89,127. Prolonged gas crossover 

and its heating effects can thus result in a destructive cycle that completely destroys the 

membrane. More crossover and combustion due to pin holes will cause membrane 

thinning, which results in an even higher degree of crossover130. Secondly, pinholes 

create local temperature gradients that disrupt the thermal and water management within 

the membrane. Both effects can drastically reduce the local current density. The effect 

of pinholes on the overall current density is generally modest. When pinholes occur, a 
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significant amount of nitrogen can start crossing over to the anode where it will dilute 

the hydrogen feed. This can result in fuel starvation, especially near the end of the cell, 

that leads to severe carbon corrosion84,127.  

More moderate cases of crossover are typical for fuel cell membranes. Here, 

hotspots and local temperature variations do occur but heat dissipation within the cell 

prevents pinhole formation126,128. Tang et al. (2021) found that gas diffusion layers 

can play an important role for dissipating the crossover heat and avoiding the destructive 

pinhole cycle126. It is also found that the temperature distributions are not severe enough 

to decrease the performance of the fuel cell89,128.  

The final heat release effect of gas crossover is catalyst sintering near pinholes, 

as reported by Tang et al. and Chu et al126,131. The catalytic combustion of H2 and O2 

after crossover was found to create enough heat to sinter the catalyst particles near the 

hotspot, which results in a loss of active area. For the extreme case of pinholes, this 

agglomeration near defects in the membrane causes a loss in catalyst mass when the Pt 

particles diffuse into the membrane132. The formation of so-called Pt bands in the 

membrane does not only lower ion conductivity, it can also reduce the mechanical 

strength. 

2.6 Permeability testing procedures and baseline data 

2.6.1 Electrochemical test vs. gas chromatography 

There are two dominant testing methods within gas crossover research. The first 

one, electrochemical testing, allows for a direct measurement of the crossover current 
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when the fuel cell (or HEMCC) is connected to a fuel cell testing station. By altering 

the feeds to isolate one of the crossover gases, applying a voltage, and measuring the 

current, a relatively quick in-situ measurement can be conducted. After acquiring the 

data, fuel cell operation (or carbon capture for the HEMCC) can be continued. This 

procedure is well documented in PEM research74,75,88,92,133,134. Most studies focus on the 

study of H2 crossover, where the oxygen flow of the cathode is replaced by nitrogen. 

This principle is illustrated in Figure 2.15. Every hydrogen molecule that permeates 

must be captured by an electrochemical reaction. This is achieved by applying a voltage 

of at least 0.5V to push the HOR reaction of crossover hydrogen on the working 

electrode. This reaction generates electrons, which are measured as a current. 

Measurement in the HEMCC, which is an alkaline system, is similar but in this case, 

hydroxides travel in the opposite direction of the protons in the PEM setup.  

 
Figure 2.15: H2 crossover setup for PEM fuel cells by Schalenbach et al75. 
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The current measurement is then converted to a crossover flux using Faraday’s 

law, which can be expressed as a permeability characteristic. A detailed discussion will 

follow in Section 3.1.1, when this method is applied in the HEMCC. Although less 

documented in literature, a similar procedure can be conducted to measure O2 

crossover135. This would require applying a voltage of -1.1V on the working electrode 

to push the more sluggish ORR reaction. A potential this high introduces some 

difficulties to the procedure. Since it is higher than the carbon corrosion limit, carbon 

must be eliminated from the catalyst on the reference electrode. Secondly, the onset of 

the hydrogen evolution reaction, which is typical for electrolysis, is at -1.23V. Attention 

must be paid to not cross this limit, to avoid creating hydrogen in the cell, which would 

cause reverse currents and disturb the O2 crossover measurements. 

The second common measurement technique for the permeability of an MEA is 

using detection devices such as gas chromatography (GC) and mass spectrometry 

(MS)31,136,137. Connecting these devices to the outlet of an H2/N2 or O2/N2 cell allows 

for a detailed measurement of the composition of the outlet stream. After calibration, 

the detection of both H2 and O2 should be straightforward. Gas crossover testing has 

been done by both gas chromatography and mass spectrometry. Both techniques could 

also be combined for a more precise measurement138. In-situ testing is possible but one 

must be able to quickly install the GC at the outlet of the cell. This could interrupt cell 

operation. Another disadvantage is that the user is required to possess or buy this 

specialized equipment (GCs or MSs). 
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2.6.2 Baseline permeability data 

Validation of the permeability testing, executed later on in this work, is crucial 

to make sure the correct behavior was captured. There is wide availability of data on 

PEM membranes. Nafion is a well-discussed reference case, whose H2 permeability was 

extensively studied by Schalenbach et al. (2015), while Zhang et al. (2013) measured 

O2 crossover75,135. For HEM membranes, such as the PiperIon of the HEMCC, 

permeability data is fairly limited. To the best of the author’s knowledge, only Nikolic 

et al. (2023) conducted a H2 crossover study where mass spectrometry was used136. The 

PiperIon of the HEMCC was characterized when it was first introduced by Wang et al. 

(2019)31. H2 and O2 permeability data, which was acquired with gas chromatography, 

was included in the supporting info. Dr. Catherine Weiss later conducted preliminary 

H2 crossover measurements with the electrochemical approach, which showed 

agreeable results. Since this work will employ the electrochemical method as well, this 

data of the unshorted PiperIon membrane can be used as a baseline. After validating the 

experimental procedure with unshorted membrane, measurements of the shorted 

membrane can be compared with this baseline.    
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Chapter 3 

HYDROGEN AND OXYGEN PERMEABILITY TESTING 

This chapter will introduce the permeability test protocols that were developed 

to evaluate the severity of gas crossover in the HEMCC. First, the design of the 

electrochemical test is covered, followed by an explanation of the permeability 

calculation that will be employed. Then, a novel 2-cell electrochemical test will be 

presented that allows for crossover measurement of the shorted membrane and which 

might result in more accurate measurements for all membranes. The permeability data 

from both the 1-cell and 2-cell measurements will be discussed in the final two sections, 

which cover the cases of hydrogen and oxygen respectively.  

3.1 The electrochemical permeability test  

3.1.1 Test design and operation  

Electrochemical permeability tests are common practice for PEM membranes, 

but they have only rarely been performed for HEM membranes such as the PiperIon of 

the HEMCC. Former group member Dr. Catherine Weiss executed some measurements 

of the H2 permeability using an electrochemical cell. A similar setup was built for this 

project. In what follows, the design of this H2 
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permeability test will be covered, as well as any pretreatment and preparatory 

steps. The O2 crossover measurement, which is uncharted territory for HEMs, requires 

some adaptations which will be highlighted at the end of this section. 

The general working principle of an electrochemical H2 crossover 

measurement is similar to that of a hydrogen pump, which is typically employed to 

concentrate a hydrogen feed139,140. The difference in operation is that instead of 

oxidizing the H2 feed on the inlet side, the cell is operated so that only the H2 that crosses 

over to the other side of the membrane can undergo this reaction. This ‘reverse H2 pump’ 

approach is illustrated in Figure 3.1. Hydrogen is fed on the counter electrode side, while 

nitrogen is flown on the working electrode side. By applying a voltage of 0.5 V at the 

working electrode versus the counter electrode, the oxidation reaction of crossover H2 

is promoted. Hydroxides transfer from the counter electrode where the hydrogen 

evolution reaction occurs. The electrons produced on the working electrode flow 

through the external circuit where the potentiostat measures them as a current.  
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Figure 3.1: The H2 permeability test setup of an MEA in fuel cell hardware connected 

to a potentiostat. 

Because only a small amount of H2 crosses over, the measured current will be 

limited by mass transport of crossover H2. This means that any further increase in 

potential will not result in a larger current since the reaction is limited by the supply of 

H2. The measurement of this limiting current is therefore a good indication of the 

amount of crossover that occurs in the membrane. This value, as will be discussed in 

the next section, can easily be converted into a permeability. This limiting current 

potential is fairly low for H2 (0.5 V) since the HOR/HER reactions have fast kinetics. 

For the O2 reaction to reach a limiting current, potentials as high as -1.1 V should be 

applied. Figure 3.2 shows the onset potentials for both cases, where the sluggish O2 

requires a larger potential to reach limiting current conditions.  
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Figure 3.2: Illustration of the limiting current principle by Schalenbach et al. (2015) 

for both H2 and O2 crossover measurements75. 

Membrane electrode assembly (MEA) preparation: A 20 µm thick PiperIon 

membrane was acquired from Versogen. The catalyst layer inks, which are identical for 

both electrodes, consist of 40% platinum on carbon (Vulcan XC-72R) from the Fuel 

Cell Store, PiperIon polymer dissolved in ethanol (3.35%) from Versogen, and 

isopropyl alcohol as a solvent. The quantities for a 5 cm2 membrane are shown in Table 

3. These inks result in a platinum loading of 0.4 mg/cm2 and an ionomer to carbon ratio 

of 0.45. Although this recipe is similar to the standard electrodes of earlier group 

research, the platinum loading was multiplied by four to make sure there is enough 

catalyst to react with every permeated molecule34. The inks were sonicated in an ice 

bath for 1 h and sprayed on the membrane using a manual Iwata airbrush. The end result 

is a symmetric, 5 cm2 catalyst coated membrane (CCM). 
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Table 3: The ink recipes of the electrodes. 

A 
(cm2) 

wPt wI rc rI 
ρc 

(mg/cm2) 
ρPt 

(mg/cm2) 

5 0.4 3.39% 0.4 0.45 0.5 0.4 

Layer 
Platinum on 
carbon (mg) 2 H2O 

drops 

Ionomer (mg) 
IPA 
(mL) 

 
Cathode 10.0 78.7 

1.25 
 

Anode 10.0 78.7  

 

Cell assembly: The CCM was then placed in cell hardware from Scribner with 

5 cm2 single serpentine flow fields and current collectors on both sides. The membrane 

was sandwiched between a 5 mil thick FEP (fluorinated ethylene propylene) gasket, a 

Sigracet 22 BB gas diffusion layer (GDL) with microporous layer, and a 0.5 mil FEP 

gasket on both sides of the CCM. The GDL ensures the feed gases come in proper 

contact with the catalyst layers, while the gaskets allow for compression of the cell. 

Using screws, the hardware is compressed to 120-inch pounds with a wrench.  

Pretreatment and initialization: Before cell assembly, the CCM is pretreated 

with 1 M potassium hydroxide for 30 min, followed by a 10 min water rinse. This 

process is repeated to ensure the removal of any contaminants141. The cell is then 

assembled and connected to a Fuel cell test system from Scribner (850e Multi Range). 

An EC-lab VMP2 potentiostat will provide detailed voltage manipulation and current 

measurements. After heating up the cell to 80⁰C and flowing hydrated nitrogen, the cell 

is activated with a H2 limited CO2 purge. During this purge, 500 scum of H2 is flown at 

the anode vs. 500 sccm of N2 at the cathode while running a cyclic voltammogram. 
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Voltage is cycled between 0 and -0.8 V with a scan rate of 50 mV/s with an additional 

1 min hold at -0.8 V. This procedure is repeated three times to ensure full activation. 

Polarization curves and electrochemical impedance spectroscopy (EIS) measurements 

are conducted to diagnose the degree of activation. A final metric to analyze the 

activation is by repeating potential cycles between 0.1 and 0.3 V at 15 mV/s until the 

cycles overlap142.  

The permeability measurement: After initialization was completed, data 

gathering could be started. The cell was operated at 80⁰C, 500 sccm of counter electrode 

flow and 100 sccm of reference electrode flow for the entire test. The feed H2 content 

at the counter electrode and the relative humidity will be varied throughout the test to 

study their influence on the gas crossover. Table 4 shows the operating conditions, 

which also include values for back-pressure. The back-pressure value compensates for 

the water content in the hydrated feed at different relative humidities (RH). For example, 

at 80⁰C the saturation pressure of water is 47 kPa. At a 100% RH, applying this same 

value as back-pressure will make sure that the hydrogen partial pressure is 1 atm. For 

the lower RH values, the back-pressure is scaled to account for the lower vapor 

pressures of water. A manual back-pressure module was used in this step. 

Table 4: Operating conditions of the H2 permeability test. 

Operating conditions Input flows 
Temperature (⁰C) 80 CE flow (sccm) 500 

Relative humidity (%) [40-100] Dry H
2 

content (%) [20-100] 
Back-pressure (kPa) [19-47] WE N

2
 flow (sccm) 100 
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The test evaluates relative humidities from 100% to 40%, the latter is the lowest 

condition before severe dry out of the membrane will occur. The HEMCC is typically 

operated at 70% RH. For each RH value, the H2 content was varied in steps of 20%, 

first from high (100%) to low (20%), then from low to high, and finally in a random 

order. The average of each of the three runs at each H2 level was taken as the final value. 

A measurement with pure nitrogen, where no H2 crossover occurs, was only conducted 

once for the entire test (at 100% RH) since it took a long time to purge out any residual 

H2. The measured current was close to zero, which confirms that any current that was 

measured resulted from H2 crossing over.  For each data point, both a linear sweep and 

a voltage hold were performed. The linear sweep, which ranges from 0.1 to 0.6 V makes 

sure that a limiting current is achieved when 0.5 V is applied. One should observe a 

stable current at the higher voltages, as illustrated by Figure 3.2 earlier. The current 

measured during the voltage hold at 0.5 V is then used to calculate the permeability. 

The procedure to measure H2 permeation with an electrochemical cell, as 

described above, is well documented in literature. The measurement of O2 crossover is 

less common. There are some important modifications required to use a similar setup 

for O2 permeability testing. As illustrated in Figure 3.2, the O2 reactions are more 

sluggish and therefore require a higher potential to reach limiting current. As indicated 

by both Schalenbach et al. and Zhang et al., a potential as high as -1.1 V is necessary to 

reach these conditions75,135. The general setup, as shown in Figure 3.3, is based on the 

same principle of applying a voltage at the working electrode at which crossover oxygen 

arrives. Because the OER and ORR reactions now occur at the counter-and working 
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electrodes respectively, the electron flow is opposite to that of the H2 case. Electrons 

flow into the working electrode, which results in negative measured currents. 

 
Figure 3.3: The O2 permeability test setup for a HEM membrane electrode assembly.  

The higher potential associated with this measurement introduces some 

difficulties. The Pt/C catalyst layer cannot be used on the counter electrode side 

anymore since the carbon will be subject to carbon corrosion at these potentials. 

Therefore, an Iron-Nickel gas diffusion electrode (GDE) will be employed on the 

counter electrode side. Despite the absence of a carbon support, this catalyst has been 

shown to be an efficient, self-supported OER electrode143. The Pt/C ink will still be 

sprayed on the working electrode side of the membrane to catalyze the ORR reaction. 

After adjusting gasket sizes to compensate for the additional thickness of this GDE 

layer, the cell can be assembled again.  
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Because the oxygen reaction is sluggish, an O2 limited purge, similarly to the H2 

limited purge, will not result in sufficient activation of the MEA. Therefore, the 

standard H2/O2 break-in procedure within the research group will be used. This method, 

as described in detail by Matz et al., employs different current steps33. The problem with 

this approach is that it introduces H2 into the system, which would disturb the O2 

permeability measurement. A purge while flowing N2/O2 for 1h while applying a 

potential -0.8 V, will consume the residual hydrogen135. An overnight hold with N2/N2 

could alternatively be performed.  

A final complication of the high voltage of the O2 crossover test is that 

electronic short-circuiting might occur. At limiting current conditions, the potential is 

so high that electrons will short-circuit through the membrane and introduce an 

additional contribution to the current. As voltage increases, the current linearly increases 

as well, which creates a small slope, even at limiting current conditions. Zhang et al. 

proposed a way to subtract the shorting current from the crossover current135. By 

interpolating the linear plateau, the Y-axis intercept gives the true limiting current due 

to O2 crossover. The slope of the line gives the inverse shorting resistance in kΩcm2. In 

order to perform this correction, crossover measurements should be executed at different 

voltages in order to sketch this curve. A range between 0.4 and 1.1 V with steps of 0.1 

V is recommended. Performing this staircase measurement for each datapoint 

drastically increases the running time of the crossover test. 
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Figure 3.4: Illustration of the shorting current that still causes a slight increase with 

potential at limiting current conditions135. 

3.1.2 Permeability calculation 

The limiting crossover current data obtained with the approaches in the previous 

section can now be converted into a permeability value, which is material characteristic 

independent of the membrane thickness and gas partial pressure. The following equation 

was introduced in Section 2.2.2 as the relationship between the crossover flux Ncross and 

the permeability ϵ.  

Ncross = −ϵ ∗
Δp

𝑑
       (4) 

The assumption during crossover measurements is that all the crossover gas 

molecules immediately react, which means that the partial pressure at the working 

electrode is negligible75. 

Δ𝑝 = −𝑝𝑔𝑎𝑠,𝑓𝑒𝑒𝑑       (5) 

Faraday’s Law then relates the measured current to the molar flux of molecules 

provided for the reaction, with the number of electrons z and Faraday’s constant F144. 
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𝑛𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =
i 

𝑧 ∗ 𝐹
       (6) 

This flux is equal to the crossover flux that followed from Fick’s law (4), 

isolating the permeability then gives. 

𝝐 =
𝐢 ∗ 𝐝

𝒛 ∗ 𝑭 ∗ 𝒑𝒈𝒂𝒔,𝒇𝒆𝒆𝒅
       (𝟕) 

The equation corrects the measured current for membrane thickness d, inlet 

partial pressure pgas,feed, and the number of electrons participating in the reaction z. As 

a material property, the permeability only depends on the specific gas and the operating 

conditions that the test is performed at, such as temperature and relative humidity.  

3.1.3 2-cell measurement for the shorted membrane 

The approach discussed in the first subsection cannot be used to measure the 

permeability of the shorted membrane because the electrons will be shorted internally. 

This means that no limiting current will be observed. Two modified measurements were 

developed, of which one was tested.  

The first possibility would be to sandwich the shorted membrane between 

two standard unshorted membranes. This would eliminate the electron conducting 

property of the shorted membrane and still allow for a direct measurement of the 

crossover current. This crossover current then gives the total permeability of the 

sandwich. The contributions of the unshorted membranes and the additional contact 

resistances between the membranes can be subtracted from this total crossover current. 

This is similar to the resistor network approach that Shi et al. applied when they tested 
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the electronic and ionic resistances of the shorted membrane32. Here, the three 

membrane contributions and the two contact contributions between the membranes are 

assumed to be in series. An illustration of the measurements is given in Figure 3.5. The 

shorted membrane is sandwiched between two unshorted membranes. Then, the same 

measurement is repeated for two unshorted membranes sandwiched without a shorted 

membrane. By comparing this result to the crossover measurement of one unshorted 

membrane, the contact resistance between two membranes can be determined. The 

crossover in the shorted membrane is then obtained by subtracting the unshorted 

sandwich measurement and an additional contact resistance contribution from the 

shorted sandwich measurement.  

 
Figure 3.5: A measurement for the shorted membrane can be obtained by testing a 

shorted sandwich and subtracting all non-shorted contributions. 

Although this approach would give an approximation of the crossover within the 

shorted membrane, the total thickness of the sandwich would be relatively large. With 

a minimal thickness of 80 µm, the measured limiting currents would be extremely low. 
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For lower temperature or relative humidity runs, the current could even have an opposite 

sign, which indicates that there is insufficient crossover to obtain an exact measurement. 

The author decided not to pursue this idea because of its low accuracy and limited 

applicability. Moreover, the second approach allows for a direct measurement of the 

shorted membrane permeability without any need for sandwiching or resistance network 

modeling.  

A 2-cell measurement is the second and most promising approach to 

measure gas crossover in the shorted membrane. By splitting up the occurrence of 

gas crossover and its electrochemical measurement, the shorted nature of the membrane 

is no longer a problem. The setup, as shown in Figure 3.6, consists of a crossover cell 

and an H2 sensor. To the extent of the author’s knowledge, this type of 2-cell crossover 

measurement has not been previously done. The crossover cell consists of a pristine 

membrane with gas diffusion layers on both sides. The purpose of this cell is to let the 

feed gas, H2 or O2, permeate through the membrane into a small nitrogen stream. The 

crossover gas flow was set at 500 sccm, while the nitrogen gas flow was 50 sccm. The 

same gas partial pressures and relative humidity combinations as in the 1-cell setup were 

tested. Additionally, a cell temperature of 40⁰C was evaluated in addition to the 80⁰C 

case at which crossover is typically measured. This condition simulates the real 

operating environment of the HEMCC, for which moderate temperatures and thus lower 

heating costs are desired.     
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Figure 3.6: In a 2-cell measurement, the gas permeation (in the crossover cell) and its 

electrochemical detection (in the sensor cell) are separated. 

The second cell is an H2 sensor whose purpose is to electrochemically react 

every H2 molecule that it is fed. The outlet of the small nitrogen stream of the first cell, 

which includes crossover H2, is fed to the anode side of this cell. Similarly to the 1-cell 

approach of the unshorted membrane, a voltage of 0.6 V is applied to promote the 

hydrogen oxidation reaction (HOR), which generates electrons. These are measured as 

a current which can be related to the permeability of the membrane in an analogous 

manner. While for the 1-cell measurement, the working electrode had to ‘fight’ the HOR 

reaction at the gas feed side where H2 is abundant. The H2 sensor does not encounter 

this problem because the permeation already occurred in the first cell. The reference 

electrode consists almost entirely of nitrogen. It is thus easier to drive the H2 pumping 

reaction that measures the H2 content. The H2 sensor that was used for this measurement 
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was a PEM based electrochemical hydrogen pump which consisted of a 5 cm2 Nafion 

MEA purchased from Ion Power. An in-house HEM membrane could have been used 

as well, but this setup was already present in the lab and the more mature PEMs are 

generally more robust and thus have a longer operating life. A cell heater was connected 

to this H2 sensor to keep it at the same temperature as the crossover cell. The voltage 

application and current measurements were again performed with an EC-lab VMP2 

potentiostat. The shorted membrane was prepared in-house, as described by Shi et al32.  

The shorted membrane consists of 20 wt% carbon black (Cabot, Vulcan XC-72R) added 

to PiperIon membrane solution. After casting, the shorted membrane has an 

approximate thickness of 40 µm. To allow for an easy comparison with the unshorted 

membrane, a 40 µm thick unshorted membrane was tested in the same setup as well. 

The 2-cell principle is equally applicable to the measurement of O2 crossover 

in the shorted membrane. Because of the more sluggish ORR reaction, a voltage of -

1.1 V must be applied at the O2 sensor. It is expected that the 2-cell approach can deliver 

more detailed results than the 1-cell measurement because the permeation and its 

measurement are decoupled. While for the 1-cell case, the OER reaction at the oxygen 

feed is hindered by the existing O2 concentration, the nitrogen at the OER side in the 2-

cell setup allows for an easier reaction. Additionally, the internal shorting related to 

measuring O2 crossover through thin membranes will not be encountered in this setup 

because the membrane in the O2 sensor will be twice as thick (40 µm) as the unshorted 

1-cell membranes. The additional thickness will not prevent sufficient O2 crossover 

since this permeation already occurs in the first cell and not in the O2 sensor. Since there 
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was no O2 sensor capability present in the lab, the device was built in-house using the 

PiperIon HEM. A 40 µm thick unshorted PiperIon membrane was coated with a Pt/C 

catalyst layer on the ORR side. The same loadings and spraying-and pretreatment 

procedures as in Section 3.1.1 were used. On the side of the membrane where the OER 

reaction occurs, a fluoride-incorporated nickel−iron oxyhydroxide GDE was applied143. 

An active area of 25 cm2 was used to increase the pathway length of the O2 

measurement, giving the sensor more time to react. Before the crossover measurement, 

the cell was activated using the H2/O2 break-in procedure described by Matz et al33. 

3.2 Hydrogen permeability data 

In this section, the results of the H2 permeability measurements will be 

discussed. This will include an in-depth study of the influences of operating conditions 

on the crossover in an unshorted PiperIon membrane. Then, the shorted membrane will 

be tested using the 2-cell approach. Apart from a comparison between the crossover 

characteristics of the shorted and unshorted membranes, the quality of the 1-cell and 2-

cell measurements will be evaluated in the first subsection by comparing the results with 

GC data obtained by Wang et al31. 

3.2.1 Baseline validation and comparison between 1-cell and 2-cell setups 

The first step in the data analysis of the crossover tests is the validation of the 

results against a baseline. The 1-cell and 2-cell approaches were tested on an unshorted 

20 µm thick membrane at 80⁰C. An identical 1-cell measurement was executed by Dr. 

Weiss, which will be used as the baseline. Figure 3.7 displays the crossover limiting 
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currents for a measurement at 80% RH in terms of the H2 content. As dictated by Fick’s 

law for diffusion, there should be a linear trend with the H2 partial pressure. By fitting 

a linear curve through the datapoints and determining an intercept value of 0, the data 

can be forced into the Fickian diffusion framework. The R-squared value, as illustrated 

on the chart, gives an indication of how well the data fits this linear behavior. The 

baseline measurement achieves a relatively good fit at 97.6% R-squared. The identical 

1-cell measurement of this work has a slightly worse linear fit. The 2-cell approach 

delivers the most detailed measurements with an R-squared value of 99.7%.  

 
Figure 3.7: Crossover current data of the electrochemical tests with their R-squared 

value for linear fit. 

Similar trends were observed for the other RH values. The standard value for 

crossover measurements is 100% RH but because the baseline data had only three 

datapoints available for this case, 80% RH was used for the discussion above. An 

additional benefit of the 2-cell approach is that it allows for reliable measurements at 
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the lower H2 content of 20%. The crossover currents at this value for the 1-cell test and 

the baseline were slightly negative, which indicates that the crossover is too small to be 

measured. In conclusion, the 2-cell approach allows for detailed measurements that 

fit well within the theoretical framework of Fickian diffusion. 

A second way to evaluate the quality of the electrochemical measurement 

approaches is by comparing them to the gas chromatography (GC) data from the original 

PiperIon paper31. The crossover currents must be converted to a permeability to compare 

them with the GC results. Figure 3.8 shows the permeability values of all different 

approaches. Both the 2-cell test developed in this thesis, as well as the 1-cell baseline 

by Dr. Weiss deliver similarly detailed measurements.  

 
Figure 3.8: Comparison of the electrochemical permeability measurements with the 

gas chromatography data31. 

The test results at high relative humidities approach those of the GC 

measurement for all three approaches. At low RH, significant deviations appear 

between the electrochemical measurements and the GC data. The 1-cell test conducted 
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in this thesis delivers the most undesirable results. One possible reason for the lower 

accuracy at a low relative humidity is that the electrochemical measurements are 

hindered by the lower membrane hydration. This causes a decrease in the hydroxide 

conductivity of the membrane, which influences the electrochemical reactions that 

generate the crossover current. The assumption that every crossover molecule engages 

in an electrochemical reaction might not be valid anymore since hydroxide transport is 

decreased. A second factor might be the use of a manual back-pressure module to 

compensate for the vapor pressure of water in the hydrated feeds. It is difficult to 

apply the exact back-pressure that is desired. Even small deviations in this pressure 

could gravely influence the H2 partial pressure and thus the severity of crossover. 

Additionally, it is not clear whether the GC measurements used back-pressure as well.  

Although the testing procedures developed in this thesis do not deliver an exact 

overlap with the GC data, both measurements are detailed enough to determine the 

effect of operating conditions and estimate the severity of crossover for different 

membranes. The 2-cell setup was shown to be the most detailed and versatile approach, 

even allowing for crossover measurements at low temperatures and H2 partial pressures. 

3.2.2 Effect of operating conditions on the H2 crossover 

The influence of H2 content in the feed on the measured crossover current is 

expected to be linear, as the behavior follows Fick’s law. Figure 3.9 displays the data of 

the unshorted (20 µm) 1-cell permeability test at 100% RH and 80⁰C cell temperature. 

As the H2 content increases, more crossover is measured. A linear curve can be fitted 
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through these points. Setting the intercept at 0 makes sure that the curve corresponds to 

the Fickian diffusion behavior that gas crossover is assumed to follow. The 1-cell has 

an R-squared value of 93.2%, which indicates a relatively good fit. The data is less 

accurate at low H2 contents. The catalyst layer might have trouble catching these lower 

crossover fluxes. The results are comparable to the baseline data obtained by Dr. Weiss. 

There are some variabilities but the overall behavior of crossover with H2 content is 

clearly a positive linear trend. 

 
Figure 3.9: The linear behavior of crossover current with H2 content following Fick's 

law for the 1-cell measurement compared to the baseline. 

The relative humidity (RH) also has a strong effect on the severity of 

crossover. Figure 3.10 shows the crossover measurements at 100% H2 content for 

various relative humidities. As the water content is increased, the membrane is more 

hydrated, which facilitates more crossover. The more elaborate water channel structure 
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of a hydrated membrane will absorb more gas molecules, which was shown to be the 

dominant crossover mechanism in Section 2.2.1. The effect is detected in a similar 

manner by both the 1-cell and 2-cell tests. While the 1-cell test corresponds the most to 

the baseline at high relative humidities, the 2-cell measurement seems to be more 

accurate at low RHs. A similar but less extreme effect of the relative humidity was 

observed for the lower H2 contents. The positive influence of the relative humidity on 

gas crossover is not linear. It does not seem to follow a clear trend, which Schalenbach 

et al. observed for Nafion as well75. 

 
Figure 3.10: Higher relative humidities increase the amount of crossover. The 

behavior is similar for the 1-cell, 2-cell, and baseline tests. 

While most crossover measurements are executed at 80⁰C, an extra test at 40⁰C 

is desired since this is the temperature at which the HEMCC operates. The influence of 

lowering the temperature should thus be studied. The 2-cell approach was employed 

for these tests since the shorted membrane will eventually be tested in this configuration 
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as well. An unshorted test at this lower temperature will allow for a direct comparison 

later on. Figure 3.11 displays the crossover behavior with varying H2 content at 100% 

RH for the two distinct temperature cases of 80⁰C and 40⁰C. Operating at a lower 

temperature severely limits the amount of gas crossover, which was already 

hypothesized in Section 2.2.3. Although the crossover currents are significantly lower 

at 40⁰C, the H2 partial pressure behavior still follows the linear Fickian diffusion trend. 

At both temperatures an R-squared of 99% was achieved, which indicates a close-to-

linear fit of the data. The 2-cell H2 measurement approach is therefore also valid at 40⁰C. 

 
Figure 3.11: The temperature decreases crossover severely, the linear behavior with 

H2 content is still conserved. 

The membrane thickness is another parameter that is different between the 

baseline permeability measurement and the actual operation of the HEMCC. A 

thickness of 40 µm for an unshorted membrane approximates the thickness of the 
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shorted membrane of the HEMCC. Measurements with the 2-cell approach, generated 

the data shown in Figure 3.12. The thicker membrane results in a significantly lower 

crossover current. Since the membrane is twice as thick, the path that crossover H2 

molecules need to travel is twice as long. The curve for the 40 µm thick membrane still 

exhibits the linear diffusion behavior with an R-squared value of 98.8%. This indicates 

that the behavior of crossover with H2 partial pressure is explained by Fick’s law. 

 
Figure 3.12: The thicker the membrane, the lower the crossover current. The Fickian 

diffusion behavior stays conserved with a precise linear fit. 

The permeability, a material characteristic, scales the current by the 

thickness so that measurements at different thicknesses should give identical 

permeabilities. The crossover current data can be converted to a permeability as 

described in Section 3.1.2. The results in terms of relative humidity are shown in Figure 

3.13, where each datapoint represents the average permeability over the different H2 
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contents. Compared to the gas chromatography data of the original PiperIon paper, the 

2-cell measurement for 20 µm shows excellent correspondence at high relative 

humidities31. The 40 µm measurement, as well as the 20 µm test at low relative humidity 

(40 and 60 % RH), show deviations from the GC baseline. The lower accuracy of the 

electrochemical measurements at low hydration was attributed to lower hydroxide 

conductivity in Section 3.2.1. Secondly, the lower permeability of the 40 µm membrane 

at high RH values could be explained by flushing of the crossover molecules. Because 

the thicker membrane has such low crossover fluxes and is operated at high hydration 

levels, the very few H2 molecules that are present could be flushed away before they 

can react electrochemically and produce a measurable current. 

 
Figure 3.13: The permeability data for the thicknesses of 20 µm and 40 µm compared 

with the gas chromatography baseline (10 µm) from Wang et al31. 

The final operating condition that can be studied is the possible influence of a 

differential pressure over the membrane. This would result in convectional gas 

transport. If applying a differential pressure would cause a significant increase in gas 
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crossover, the assumption that crossover predominantly occurs by diffusional transport 

would no longer hold. The 1-cell setup was employed for this test since it offers the 

possibility to apply back-pressure at both sides of the membrane. This is not possible 

for the 2-cell approach since pressure can only be applied on the H2 feed side and not 

on the crossover side that feeds into the H2 sensor. For an unshorted 20 µm thick 

membrane at 80⁰C, 100% RH, and 100% H2 feed content, three experiments were 

conducted. The results are shown in Figure 3.14. 

 
Figure 3.14: Applying a differential pressure does not influence permeation, which 

confirms that Fickian diffusion is the dominant crossover mechanism. 

The first experiment is the baseline case with symmetric back-pressures of 47 

kPa. As discussed in Section 3.1.1, this compensates for the vapor pressure of water so 

that the hydrogen partial pressure is 1 atm. In the second run, the back-pressure was 

eliminated from the working electrode so that a positive pressure differential is present 
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over the membrane. During the third experiment, the working electrode back-pressure 

was increased to 140 kPa, simulating a negative pressure difference.  

Figure 3.14 shows the crossover current in terms of the voltage that is applied at 

the working electrode. While H2 measurements typically reach a limiting current at low 

voltages, the plateau that occurs at 0.2 V still has a significant slope. This indicates that 

the membrane has internal shorting, which was not observed in the identical 

measurements that were discussed earlier. Using a similar procedure as for internal 

shorting in O2 crossover tests in Section 3.1.1, the shorting contribution is eliminated 

by estimating the crossover limiting current as the intercept. This value, approximately 

1.5 mA/cm2, is similar to the measurements under the same conditions shown earlier. 

There are likely some defects in the particular membrane that was used for this test, but 

by applying this internal short correction, the dashed red line in the graph, the results 

can still be utilized to interpret the differential pressure effect. 

The curves for the three cases are almost identical. Additionally, the slopes of 

their limiting current plateaus are similar, which results in the same crossover current. 

The positive differential case, which would lead to the highest crossover if convectional 

transport was relevant, has a slightly lower crossover than the other two cases. This 

validates the assumption of purely diffusion-based transport during gas crossover. 

The PiperIon paper by Wang et al. came to the same conclusion with another test31. If a 

more extreme pressure differential were to be applied, the capillary pressure will be 

exceeded so that convectional transport will start occurring. This is unlikely to happen 

in the HEMCC since it operates at ambient temperature and pressure conditions. 
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3.2.3 Shorted membrane permeability with the 2-cell approach 

After validating the 2-cell H2 crossover test and obtaining unshorted PiperIon 

permeabilities, the approach can be employed to measure the shorted membrane 

permeability. Because the shorted membrane of the HEMCC allows for internal electron 

conduction, the 1-cell test cannot be employed since no measurable current would be 

produced. An identical testing procedure as in the unshorted 2-cell measurements is 

followed. The thinnest available shorted membrane is 40 µm thick and therefore the 

unshorted measurement at this same thickness is used as a reference. Figure 3.15 shows 

the crossover currents obtained for 80⁰C and 100% RH for both tests. At lower relative 

humidities, the crossover rates are lower, but they follow the same relative trend. 

 
Figure 3.15: The shorted membrane has slightly lower crossover currents than an 

unshorted membrane of the same thickness. 

It is clear that using the shorted membrane decreases the crossover flux in 

the membrane. As shown on the chart, a good linear fit is achieved for the shorted 

measurement with values that are consistently lower than in the unshorted case. This 
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can be explained by looking at the difference in membrane composition. In the shorted 

membrane, electron conductive carbon black particles are incorporated into the polymer 

network of PiperIon. Because introducing carbon particles reduces the ionomer content, 

the hydration of the membrane is decreased. Since absorption of gas in the water 

channels of the membrane was shown to be the dominant crossover mechanism, gas 

crossover trough these channels will be more difficult for the less hydrated shorted 

membrane. Incorporating carbon into the membrane can therefore decrease the severity 

of crossover and its effects. Identical conclusions can be made at 40⁰C, which is 

displayed in Figure 3.16. While the crossover is less severe at this lower temperature 

for both cases, the shorted membrane has an even lower crossover because of the earlier 

reason. In conclusion, the H2 crossover in the shorted membrane of the HEMCC 

will be less severe than in a fuel cell with unshorted membrane operated at 80⁰C. 

 
Figure 3.16: At 40⁰C, the crossover is low in general, but the shorted membrane 

suffers even less from it. 
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An important finding for these thicker membranes at low temperatures is that 

the limitations for a detailed measurement are really put to the test at these 

conditions. At low H2 contents, the measured crossover currents can show unexpected 

trends such as an initial increase or negative values. These results were not included in 

the data discussed above since a detailed result can no longer be guaranteed. The 20% 

H2 data point for the shorted membrane at 40⁰C is one example of this.   

The permeability can now be utilized as a final comparison metric between the 

shorted and unshorted membranes. Figure 3.17 displays the calculated permeabilities 

for the shorted and unshorted membranes, as well as the gas chromatography baseline 

by Wang et al31. Additionally, the permeability of Nafion 112, a mature PEM, is shown 

to offer some perspective on these results.  

 
Figure 3.17: Comparison of the shorted membrane permeability with the unshorted 

measurements and GC baseline. 
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The unshorted tests executed in this work, especially the one for a 40 µm thick 

membrane, show some deviations compared to the GC baseline. Possible reasons for 

this were highlighted in Section 3.2.1. The shorted membrane is characterized by 

significantly lower permeabilities than its unshorted counterpart, confirming the 

earlier findings. All identified permeabilities in these hydroxide exchange membranes 

(HEM) are lower than those of Nafion 112, a commercial proton exchange membrane 

(PEM)31. The lower permeability of PiperIon is a result of its specific polymer design. 

Additionally, HEM fuel cells are expected to have lower H2 crossover than their PEM 

variants due to the effect of electro-osmotic drag acting in the opposite direction110. In 

PEMs, the H+ ions facilitate more crossover since they drag water molecules with them 

that can absorb crossover gases. In HEMs, the transport of hydroxides is opposite to the 

direction of H2 crossover, which eliminates the additional contribution of electro-

osmotic drag. 

3.3 Oxygen permeability data 

3.3.1 The 1-cell O2 crossover measurements 

The oxygen permeability was studied with similar testing methods as the H2 

case. First, a 1-cell electrochemical measurement was tested on the unshorted membrane 

that functions as a baseline for the shorted tests in the 2-cell setup. The unshorted results 

can be compared to the GC data obtained by Wang et al. in the original PiperIon paper31. 

Figure 3.18 displays the results at 80⁰C and 100% RH for different O2 feed 

contents. The voltage staircase approach, as described in Section 3.1.1, was employed 
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to eliminate the occurrence of short circuit currents due to the higher voltage that is 

required for the sluggish O2 reactions. The limiting current conditions, during which 

crossover determines the rate of reaction, occur at the plateau which is clearly visible 

for the 100% O2 case. By extending the slope of this plateau to the y-axis, the true 

crossover limiting current can be obtained. The results at lower O2 partial pressures do 

not reach their limiting current plateaus, which indicates a poor crossover measurement. 

However, the voltage cannot be increased more since the onset of the HER reaction 

(1.23 V) would be achieved and H2 formation would completely offset the measured 

currents. For 80% O2 contents and lower, the 1-cell approach can insufficiently 

capture the crossover O2. It does seem like a plateau was reached for the 20% 

concentration as well. This inaccuracy limits the interpretation of the results since no 

linear curve (with R-squared value) can be fitted over the O2 concentrations to evaluate 

how closely the measurements compare to Fickian diffusion. Regardless of this 

limitation, the positive correlation between the O2 content and crossover is still 

observed. The fact that this correlation is linear cannot be verified. 
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Figure 3.18: Crossover current measurements at different O2 partial pressures, which 

shows that the limiting current plateau is only reached for 100% O2. 

The inaccuracy at impure O2 feeds was also observed for lower relative 

humidities. The pure O2 runs do reach the limiting current plateau for each RH, which 

allows for a study of the RH effect. The results, as shown in Figure 3.19, confirm that 

hydration has a positive influence on O2 crossover as well. The crossover limiting 

current is the intercept of the slope line of the plateau for each RH. A well-hydrated 

membrane will transport more O2 molecules due to an extensive network of water 

channels. The same argument was used for the increased permeability of H2 at high RH.  
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Figure 3.19: Crossover measurements at pure O2 feeds to illustrate the RH effect. 

The pure O2 measurements can now be compared to the GC baseline data. As 

shown in Figure 3.20, there is relatively good agreement between the results. The 1-cell 

test prevails at a low RH (40%). Similarly to the H2 case, this can be attributed to the 

reduced ionic conductivity of a poorly hydrated membrane. The permeability of a 

commercial PEM membrane, Nafion 112, is also depicted. The PiperIon has a 

significantly lower O2 permeability, which could be beneficial regarding the durability 

and safety consequences of crossover (see Chapters 4 and 5). 
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Figure 3.20: The O2 permeability of the 1-cell test compared to the GC baseline. 

The 1-cell approach was then employed to test the effect of lowering the 

temperature to realistic HEMCC conditions (40⁰C). The O2 crossover currents, as 

shown in Figure 3.21, are significantly lower at 40⁰C. The crossover limiting current 

plateau was only reached when a voltage of 1.0 V was applied, which indicates that the 

limit for detailed detection is close. At lower relative humidities for 40⁰C, where the 

crossover flux is even smaller, the plateau could not be reached at all. This indicates that 

the 1-cell setup is limited to measurements at high temperature and with higher O2 

content. This limitation is caused by the sluggish ORR and OER reactions that occur 

during the measurement. 
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Figure 3.21: The temperature influence on the O2 crossover. 

A final consideration regarding the O2 crossover is the impact of applying a 

pressure difference across the membrane. The exact same procedure as for the H2 setup 

was employed, with the results displayed in Figure 3.22. Although the curves do not 

overlap as in the H2 case, a differential pressure will not increase crossover. When a 

positive differential pressure is applied, the purple curve in the chart, the crossover is 

even significantly lower. If convectional gas transport would be relevant for O2, it would 

be this curve that skyrocketed. The negative pressure differential case, indicated in 

green, reaches the highest currents. After subtraction of the internal short current, the 

crossover current (intercept) is slightly lower than the symmetric pressure case. 

Regardless of the variability between the different pressure runs, it can be concluded 
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that differential pressure and the convectional transport it causes are not relevant 

for the examined operating range. 

 
Figure 3.22: Tests with positive and negative differential pressures do not show more 

severe O2 severe crossover than the symmetric pressure case. 

3.3.2 Difficulties with the 2-cell approach 

The next step would be to employ the 2-cell approach to replicate the unshorted 

data and then test the shorted membrane with this setup. The initial tests on an unshorted 

membrane revealed some unexpected behavior. The measured crossover current does 

not follow any noticeable trends with varying relative humidity or O2 content. 

Figure 3.23 gives an example of this undesired behavior. Three identical runs were 

executed at 80⁰C during which the O2 content was decreased over the testing period 

from 100% to 20% in steps of 20%. While they should be identical, the runs themselves 

show a lot of variability between them. Each curve should follow a stepwise decrease 
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when the O2 content is lowered. All three runs show a constant and extremely low 

current. Similar non-realistic behaviors were observed at lower relative humidities and 

at 40 ⁰C. It can therefore be concluded that the first iteration of the 2-cell approach was 

unsuccessful.  

 
Figure 3.23: Data of three identical runs with the 2-cell O2 crossover measurement. 

For each run, the O2 content was decreased from high to low over the testing period.  

Given the relatively tight schedule of this research project, the decision was 

made not to pursue the 2-cell pathway any further. The researcher determined that it is 

more relevant to study the durability aspect (Chapter 5) instead of perfecting the 2-cell 

O2 crossover test. The 1-cell approach already demonstrated the order of magnitude of 

the O2 crossover problem. This data can be used to estimate the safety risk regarding 

crossover during HEMCC operating in Chapter 4. From the H2 permeability study, it is 

clear that the shorted membrane, which could not be tested for O2, will likely result in 

even loss crossover because of the carbon that is integrated into the membrane.  
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For the sake of future research into the 2-cell O2 test, some causes for the 

undesired results can be hypothesized. The root cause for the problem is likely situated 

in the O2 sensor that was made in-house. Its H2 counterpart was purchased (PEM) so 

that it might be that HEM membranes such as the employed PiperIon are just not 

sensitive enough to be used as an O2 sensor. The fact that the 1-cell O2 measurement 

did give relatively good results indicates the opposite. A second reason is that the O2 

sensor might not have been activated to the extent that it was able to capture such small 

O2 contents. Future iterations of the O2 sensor should therefore be pretreated and 

activated thoroughly. Post-mortem visual inspection of the O2 sensor MEA revealed 

three possible causes whose pictures are shown in Figure 3.24. The Pt/C catalyst layer 

has a scratch mark that could indicate membrane damage. This damage could cause O2 

crossover in the sensor cell, which would disturb the electrochemical measurement. It 

is not clear what the source of this mark was. Additionally, small spots without catalyst 

were observed on the membrane, which hints at catalyst layer washout. On the other 

side of the membrane, an Iron-Nickel GDE for the OER was used. The GDE underwent 

a slight color change, which could indicate that either iron or nickel was oxidized during 

operation. Finally, the membrane was wrinkled, which is a sign that dry-out occurred at 

one point during operation. Each of these three causes could have undermined efficient 

O2 sensor operation. Future work should reveal what the root cause of the problem is. 
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Figure 3.24: Possible causes for O2 sensor failure from visual post-mortem analysis. 

3.4 Final H2 and O2 permeability data 

The permeability data gathered in this Chapter is summarized in Figure 3.25. 

For H2, the 2-cell results were selected since they gave the best approximation of the 

baseline gas chromatography data from Wang et al31. An extremely good fit was 

achieved at high relative humidities. The 2-cell results were slightly more precise than 

the 1-cell data obtained by Dr. Weiss. This demonstrates the effectiveness of utilizing 

the 2-cell setup for detailed electrochemical measurements. The 2-cell method also 

allows for shorted membrane testing, which is simply not possible for the 1-cell setup.  
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Figure 3.25: Final comparison of the permeability of H2 and O2 vs. the GC data.  

Since the development of the 2-cell setup for O2 was not successful, the 1-cell 

data was used to estimate O2 crossover effects. Although the measurement prevails at 

low relative humidities, the 1-cell data is fairly similar to the GC baseline at higher RH 

values. It can be concluded that the electrochemical crossover setups developed in 

this thesis can carry out detailed measurements at the high relative humidities that 

are typical for both normal fuels and the HEMCC. The results indicate that H2’s 

permeability is twice as big as O2’s , which was also found for PEM membranes75. 
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Chapter 4 

THE EFFICIENCY DECREASE AND SAFETY RISK OF GAS CROSSOVER 

DURING HEMCC OPERATION 

4.1 The efficiency decrease due to crossover  

The data obtained in the previous Chapter allows for an estimation of the extent 

of the three main crossover effects suspected in the HEMCC: an efficiency decrease, a 

safety risk, and performance degradation. The former will be discussed in this Section. 

The safety concerns will be addressed in Section 4.2, while the durability consequence 

will be tested separately in Chapter 1. 

The effect of H2 crossover on the efficiency was identified as twofold in Section 

2.3. There is a direct loss of fuel, which drives up the cost of operation. The second 

effect is the occurrence of mixed potentials due to H2 migrating to the opposite electrode 

and being oxidized. The severity of these effects will be studied for two devices with 

the PiperIon membrane: a typical HEM fuel cell and the HEMCC DAC technology. 

The discussion for application in a fuel cell will be utilized as a reference case. All 

of the data discussed below was measured with the 2-cell setup and scaled to a 25 cm2 

membrane area. Fuel cells are operated at elevated temperatures and with highly 

humidified and pure H2 feeds. The membrane thickness is minimized for this application 

to achieve a lower ion transport 
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resistance. The H2 crossover data for an unshorted 20 µm thick membrane at 

80⁰C, 100% RH and 100% H2 simulates the behavior of a fuel cell the best. Figure 4.1 

displays the crossover fluxes that are estimated to occur when a PiperIon membrane is 

employed in this type of fuel cell. Nafion 112, a common PEMFC membrane is shown 

as a reference. The thinnest PiperIon membrane (20 µm) suffers from noticeably higher 

crossover losses than its thicker variant and Nafion 112. The H2 fuel crossover at 100% 

RH of around 0.25 sccm is still relatively small compared to a typical feed flow rate of 

500 sccm of H2. It is remarkable that when relatively thin 40 µm PiperIon is used, the 

H2 crossover is less severe than in a commercial 51 mm thick Nafion 112 membrane. 

This indicates that the PiperIon has low H2 crossover and thus very limited fuel 

losses, which makes it a promising HEM for fuel cells. 

 
Figure 4.1: Comparison of H2 crossover flows in PiperIon and Nafion 112 fuel cells31. 

The efficiency loss in the HEMCC can be studied in an analogous manner. The 

relevant operating conditions in this case are more modest with a temperature of 40⁰C, 
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a relative humidity of 70%, and a small 12 sccm pure H2 feed. A thicker 40 µm 

membrane is utilized since the in-house shorted membrane casting cannot produce 

thinner membranes. The crossover flows for the unshorted and shorter PiperIon 

membranes are shown in Figure 4.2. The fuel losses are significantly lower than in fuel 

cell operation with a value of 0.01 sccm at 70% RH for the unshorted membrane. When 

the shorted membrane is employed, the fuel loss is halved compared to the unshorted 

case. Compared to a total H2 input of 12 sccm, these crossover losses, which amount to 

less than 0.01 sccm, are not significant. It can be concluded that when the shorted 

membrane is used in HEMCC conditions, the loss of fuel due to H2 crossover is 

negligible. 

 
Figure 4.2: The severity of H2 crossover flux at HEMCC conditions for the unshorted 

an shorted PiperIon membranes. 

Finally, the results can be summarized in an overview chart, as shown in Figure 

4.3. Two y-axis characteristics are employed. The first is the H2 loss which is calculated 

as the crossover H2 over the H2 input of the device. This H2 input is 500 sccm and 12 
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sccm for a fuel cell and for the HEMCC respectively. The second metric is the 

crossover current ratio, which quantifies the importance of the current produced by 

crossover H2 molecules compared to the current density at which the device is operated. 

The current density of a fuel cell is assumed to be at 1500 mA/cm2, while the HEMCC 

only operates at 5 mA/cm2. The crossover current, which flows in the opposite direction, 

causes a mixed potential loss. It is clear that the unshorted PiperIon experiences the least 

crossover efficiency consequences when it is employed in a fuel cell. Both the fuel loss 

and the crossover current ratio are significantly lower than those in the HEMCC. There 

is also a beneficial effect of shorting the membrane for the efficiency crossover effects. 

The H2 loss is halved, and the crossover current is decreased as well. In conclusion, the 

PiperIon membrane is not expected to encounter any significant efficiency losses 

due to crossover. While the effects in a fuel cell are even smaller, the loss percentages 

in fuel and current for the HEMCC will stay well below 0.1 and 1% respectively.  

 
Figure 4.3: Relative magnitudes of the efficiency effects in a fuel cell and the HEMCC. 



115 

 

4.2 Safety risk evaluation 

The safety risk can be directly assessed from the crossover data as well. Since 

most flammability charts are in mole fractions, the units of the crossover flux are 

adjusted from sccm to a molar basis. After converting the inlet flows of either H2 or O2 

to a molar basis as well, the mole fraction of the gases into each other can be calculated. 

Similarly to the efficiency study, the gas crossover safety risk will be discussed for fuel 

cell and HEMCC operations. For a fuel cell, a thin 20 µm membrane will pose the most 

stringent safety issue. Figure 4.4 shows the mole fractions of H2 in O2 due to crossover 

of H2 to the cathode and O2 to the anode. Hydrogen crossover causes a significantly 

higher concentration than oxygen crossover. Since symmetric streams of 500 sccm of 

H2 and O2 are fed to the fuel cell, the larger permeability of H2 creates a more flammable 

mixture than O2 crossover. It should be noted that the calculated mole fractions are far 

away from the lower flammability limit of 4% for H2 in air. The highest mole fraction 

that would occur is 0.05%, which is two orders of magnitude away from forming a 

flammable mixture. It can be concluded that there is no safety risk related to 

crossover when the PiperIon membrane is used in a fuel cell. Studying the 40 µm 

case as well as comparing the data to Nafion 112 would be of no use since their 

permeabilities and thus their H2 in O2 mole fractions will be even lower. 
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Figure 4.4: The mole fractions of the cathode and anode streams in a fuel cell. The 

values are far from the 4% LFL. 

The concentrations that will occur in the HEMCC will be even lower due to its 

thicker 40 µm membrane and its lower operating temperature (40⁰C). The results, as 

shown in Figure 4.5, are an order of magnitude smaller than the H2 in O2 concentration 

found in the cathode of a fuel cell. The reason for these results is the asymmetrical flows 

that are fed into the HEMCC. On the anode, a small H2 stream (20 sccm) is sufficient 

to allow for CO2 capture, while on the cathode 2000 sccm of air is fed. This means that 

the permeable H2 is only present in very small quantities and the molecules that do cross 

over are greatly diluted by the large air feed. The safety risk due to O2 crossing over is 

low as in the fuel cell case. At the low temperatures of the HEMCC, little O2 will be 

able to migrate over the 40 µm membrane. In conclusion, employing the PiperIon in 

the HEMCC will not create any flammable crossover mixtures. When the shorted 

membrane is used, crossover and its safety risk are mitigated even more. 
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Figure 4.5: The crossover concentrations during HEMCC operation are far from the 

flammable operating range. 

The reason for these extremely safe conditions despite the occurrence of 

crossover is the underlying transport mechanism. As long as the capillary pressure 

is not exceeded, gas crossover will exclusively follow Fickian diffusion. Therefore, the 

crossover will only depend on the gas partial pressure and not on the magnitude of the 

flow rate. This is a good safety barrier, especially for extreme asymmetric feed 

operations such as in the HEMCC (20 vs. 2000 sccm). The high flow rate on the cathode 

will not cause significant O2 crossover because the O2 partial pressure stays low (20%). 

The low H2 concentration on the anode will thus not come in contact with the excessive 

amounts of oxygen in the large air feed. If convectional transport were present, these 

conditions could pose a severe safety concern. 
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Chapter 5 

IN-SITU DURABILITY TEST OF THE HEMCC DEVICE 

The final possible consequence of gas crossover in the HEMCC is the 

degradation of the membrane electrode assembly (MEA). This durability aspect will be 

studied by employing an in-situ durability run that simulates the degradation that could 

occur due to gas crossover. After the test design, various methods for beginning-and 

end-of-life characterization will be proposed to assess the crossover damage. Then, the 

results of the test are discussed, and the extent of crossover degradation is determined. 

5.1 Test design 

The goal of the crossover durability test is to eliminate all other degradation 

mechanisms and observe the effects of crossover in realistic HEMCC operating 

conditions. The former can be achieved by operating the cell at open circuit voltage 

(OCV), which occurs when no current is drawn and when there are no net 

electrochemical reactions. This ensures that degradation mechanisms such as alkaline 

attack, carbon corrosion, and radical attack due to 2-electron ORR cannot take place. 

The physical effect of gas crossover is thus isolated. HEMCC gas flows can be 

simulated by feeding an air feed of 2000 sccm at the cathode. This air is CO2-
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free, which prevents CO2 from disturbing the crossover effect. On the anode, a 

small hydrogen flow of 20 sccm is used, which is a realistic operating flow for the 

HEMCC. The cell is operated at moderate conditions of 40⁰C and 70% RH. The test ran 

for 120 h and the performance before and after was assessed with various methods (see 

Section 5.2). 

Since Dr. Weiss’ work found the main degradation for the PiperIon membrane 

to occur in the catalyst layers, mainly the cathode, an unshorted membrane is employed 

for the durability test. Using the shorted membrane of the HEMCC would not allow for 

an OCV test since electrons would transport internally over the membrane, which would 

always result in net electrochemical reactions. A 40 µm thick unshorted membrane 

replicates the use of a similarly thick shorted membrane. 5 cm2 active area of the 

membrane was sprayed with identical catalyst inks on both sides. The same minimal 

loading as the HEMCC catalyst layers of 0.1 mgPt/cm2 was employed.  

The principle behind the gas crossover durability test is illustrated in Figure 5.1. 

As hydrogen and air are fed to the cell, neither a voltage is applied, nor a current is 

drawn. The streams will just flow past the catalyst layers without undergoing any net 

electrochemical reaction. The only degradation that could occur is due to H2 and O2 

crossing over to the other sides of the membrane. The two gases will either combust 

and create heat or undergo a reaction that creates hydrogen peroxide which decomposes 

into radicals. These mechanisms were explained in detail in Sections 2.5.2.1 and 2.5.3.  
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Figure 5.1: The gas crossover durability test at typical HEMCC flow rates and 

operating conditions.  

It is expected that gas crossover will cause damage in the catalyst layers106,113. 

Therefore, most characterization methods that are proposed in the next section will 

attempt to diagnose the performance of the catalyst layer. In order to avoid capturing 

the effect of wash-out of the catalyst layer and any other effects related to operating 

at high flow rates, a baseline test with N2 will be performed. During this test, the 

exact same flow rates of 20 sccm and 2000 sccm as in the H2/O2 will be used, but now 

with nitrogen on both sides. By running this test for 120 h as well and measuring the 

same characteristics, the effect of prolonged and asymmetrical flow rates can be 

distinguished from the crossover damage. 

5.2 Characterization methods 

A total of five techniques were used to assess the gas crossover damage. In what 

follows, the methodology behind them and their significance will be briefly highlighted. 
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After putting the MEA in fuel cell hardware and heating up the cell to the desired 

conditions, activation can be executed with a H2-limited purge. This procedure is the 

same as the activation step before the H2 permeability test that was described in Section 

3.1.1. For the first three characterization metrics, 500 sccm of H2 will be fed to the anode 

while the cathode is purged with 500 sccm of N2. It is important to not yet introduce any 

O2 into the system, either during the activation or during the first three tests. The first 

three methods solely rely on reactions of H2 so that any residual O2 would disturb the 

measurement, which is highly undesirable.  

The first metric is the ionic resistance in the cathode catalyst layer. This 

procedure, developed by Dr. Weiss, interprets EIS data with a resistor network model. 

The experimental procedure and interpretation will be disclosed in Dr. Weiss’ 

dissertation. Due to the constraints of the testing setup, only the effects on the cathode 

catalyst layer were studied. Since Dr. Weiss indicated the most problematic degradation 

of a fuel cell to occur in this layer, the method will likely study the most degraded 

catalyst layer. The outputs of this technique are the high frequency resistance, the ionic 

resistance of the catalyst layer, and the interfacial resistance. These metrics describe the 

resistance that a hydroxide molecule experiences when it is conducted through the 

membrane, the ionomer phase of the catalyst, and the catalyst-membrane interface 

respectively. If significant degradation of the ionomer in the catalyst layer would occur 

due to crossover, an increase in the catalyst layer resistance will be observed.  

The second indicator of catalyst layer degradation is the electrochemical 

surface area (ECSA). While exact measurements should be performed with CO-



122 

 

stripping, a rough estimation can be made using cyclic voltammetry (CV). The 

procedure for PEMs from Scribner will be employed130. The anode and cathode flows 

are still 500 sccm of H2 and N2 respectively. The measurement consists of a potential 

sweep between 0 and 0.5 V vs. the reference electrode (N2 side) at 20 mV/s. The current 

is monitored and presented in a voltammogram. Figure 5.2 shows the data obtained for 

the H2/O2 durability test as an example. The electrochemical surface area can be 

calculated with the charge density qPt, which can be extracted from the CV data. 

𝐸𝐶𝑆𝐴 (
𝑐𝑚𝑃𝑡

2

𝑔𝑃𝑡
) =

𝑞𝑃𝑡

ɼ ∗ 𝐿
     (8) 

With L the catalyst loading, which is 0.01 gPt/cm2 for this test, and ɼ the charge 

required to reduce a monolayer of protons on Pt. The latter is a characteristic for PEM 

systems. Since no equivalent value for HEMs could be found, a typical value of 410 

µC/cm2 will be assumed as a rough estimation for the alkaline operation. Since this is a 

constant, all measurements will be scaled by this factor. Even if this assumption is not 

valid for HEMs and the ECSA is not close to the true value, the relative magnitudes of 

different measurements can still be used as an indication for the possible loss of catalyst 

surface area. What is left is the extraction of the charge density qPt from the 

voltammogram. It can be estimated by starting on the absorption peak of the reverse 

sweep and calculating the area between this point and the voltage where the curve 

flattens out (around 0.4 V). Although integration could be used, simply calculating the 

area of the green triangle in the figure can approximate this charge density. For each of 
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the beginning of life (BOL) and end of life (EOL) tests, the charge density can be 

determined from its voltammogram. Filling this into equation (8) then gives the ECSA.  

 
Figure 5.2: The indicated area, which gives the charge density of hydrogen absorption 

on Pt catalyst, allows for a rough estimation of the ECSA. 

The third metric is the severity of hydrogen crossover. Since no O2 has been 

introduced yet, the same procedure as the permeability tests can be repeated where the 

limiting crossover current is monitored. The crossover can be used as a diagnostic for 

the membrane integrity. If the crossover would increase drastically over the operating 

life, this would indicate the formation of pinholes in the membrane. Although it is 

expected that most degradation will occur in the catalyst layer, this test can be employed 

to ensure that the membrane integrity is not compromised.  

The most recognized characteristic of MEA performance is a polarization 

curve. For this step, 500 sccm of O2 is introduced on the cathode instead of N2. The 
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MEA can now be tested as a fuel cell. The test starts at OCV (around 1.1 V vs. Ref) and 

then the voltage is gradually lowered to 0.1 V vs. Ref while recording the current. Both 

forward and reverse scans were performed. The more current the reaction draws at a 

certain voltage, the better the performance of the MEA. By qualitatively comparing the 

shape of the polarization curves before and after the test, one can assess whether a 

significant performance decay has occurred. 

The final technique is the use of scanning electron microscopy (SEM) to 

provide micrometer scale images of the MEA. A cross-sectional view gives insight into 

the catalyst layer thickness, the catalyst layer uniformity and porosity, and the adhesion 

of the catalyst layer to the membrane. Three samples were tested: a pristine MEA for 

reference, the MEA after the 120 h N2 baseline test, and the MEA after the 120 h H2/O2 

crossover durability test. The samples were prepared by cutting small pieces of the MEA 

after being frozen in liquid nitrogen. This will break off a sample size piece without 

compressing the catalyst layers. An SEM/FIB Auriga 60 imaging device was used. 

5.3 Results of the gas crossover durability test 

After beginning of life (BOL) testing, the feeds were adjusted to the HEMCC 

operating conditions (20 sccm of H2 on the anode and 2000 sccm of air on the cathode). 

For the baseline case, the same flow rates of N2 were fed. For 120 h, no electronic 

manipulation is applied, which means that the voltage was kept at its open circuit value 

and thus no current was drawn. For the H2/O2 crossover durability test, the OCV was 

monitored throughout the test. For the N2 baseline, the OCV was approximately zero. 
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Figure 5.3 displays the OCV behavior during the test. There is a slight 

decreasing trend in its value over the 120 h test. Two interruptions occurred during the 

runtime, as shown by the peaks on the figure. The first peak occurred when an 

intermediate HFR value was taken by applying a small current for a few seconds. 

Although intermediate HFR values can be useful, the OCV value was greatly affected 

by this interruption, and it was therefore decided to prioritize the OCV monitoring.  

 
Figure 5.3: The measurement of the OCV during the 120h crossover durability test. 

The second interruption occurred when the cell had to be shut down for refilling 

of the water supply of the fuel cell test station, which only interrupted the OCV 

measurement for a few minutes. A decrease in OCV can be caused by three factors: 

increased crossover, more internal shorting, and catalyst or electrolyte poisoning145. 

Since the decrease after 120 h of operation is only about 0.004 V, none of these 

phenomena will have a significant effect. The OCV results indicate that prolonged 
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crossover exposure does not increase the crossover itself, nor the internal shorting 

and it does not cause catalyst or electrolyte poisoning. 

Polarization curves give the best overview of the general performance of the 

membrane. Figure 5.4 displays the BOL and EOL curves for the baseline case and the 

actual gas crossover durability run.  

 
Figure 5.4: The polarization curve after the H2/O2 test is similar to the baseline N2 

case. 

The difference between the performance at the start and the end of the test is 

small for both cases. The EOL tests do have more ohmic overpotentials as illustrated by 

the linear regions of the curves. The cause of this decrease cannot be gas crossover since 

the N2 baseline suffers from a greater decrease than the actual crossover test. This effect 

can either be due to the prolonged high flow rate at the cathode affecting the catalyst 
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layer conductivity or due to an increase in ionic resistance in the membrane itself. The 

next metric will provide more insight into this. From the polarization curves, it can 

be concluded that prolonged gas crossover does not cause a significant loss in 

overall MEA fuel cell performance. In other words, if the MEA were to be placed in 

a fuel cell after this exposure, it would still operate at an acceptable efficiency.  

An ionic resistance study offers more insight into the different parts of the ionic 

pathway. After executing the procedure developed by Dr. Weiss, the data can be fitted 

with parameters for the three resistance contributions. It should be noted that the fit for 

the H2/O2 test results was slightly better than those of the N2 baseline.  

The results are summarized in Figure 5.5, for the N2 baseline contributions in 

yellow and the H2/O2 crossover test in blue. The HFR, which is the combination of the 

resistance in the membrane and the cell hardware is significantly smaller than the other 

two contributions. After the flow conditions of the test, this value increases by the same 

amount for the baseline and for the crossover test. This could explain the earlier 

observed increase in ohmic resistance, which was not attributed to the crossover effect 

but to the prolonged feed of high flow gas. The interfacial resistance between the 

membrane and catalyst layer was lower after the test, which could indicate either a better 

ion conduction or a bad resistance measurement. The catalyst layer resistance is the 

biggest contributor to the total ionic resistance. The values before the tests are again 

higher than those afterwards. From all three contributions, it is clear that the prolonged 

flowing of gases does not lead to a substantial increase in ionic resistance. More 

importantly, the baseline N2 case experiences similar resistances as the crossover 
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sample, which means that gas crossover does not lead to significant degradation of 

the ionomer phase in the cathode. Although the anode catalyst layer resistance could 

not be measured in this setup, it is expected that this layer will not suffer from dramatic 

crossover effects either.  

 
Figure 5.5: The catalyst layer has the largest ionic resistance. This value is not 

negatively affected by the crossover durability test. 

The electrochemical surface area (ECSA), which indicates how much catalyst 

active area is available in the electrodes, was approximated using cyclic voltammetry. 

The CV curves before and after the gas crossover durability run are displayed in Figure 

5.6. The curves look very similar, which will give rise to similar values for the 

electrochemical surface area as well. For the N2 baseline sample, the CV curves before 

and after the test looked less desirable, which led to a more difficult ECSA calculation.  
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Figure 5.6: A CV curve can give insight into the electrochemical surface area of the 

catalyst layer. The behavior before and after the test looks similar. 

The calculated ECSAs for the gas crossover test are 781 cm2/gPt at BOL and 829 

cm2/gPt at EOL. If anything, the active catalyst area increased during the crossover test. 

This is also visible on the CV, for which the EOL curve is slightly lower on the reverse 

sweep than the BOL curve. For the N2 baseline, the calculated ECSA was significantly 

lower with BOL 415 cm2/gPt and EOL 390 cm2/gPt. It is questionable whether all of 

these measurements approximate the true ECSA since literature suggests typical 

ECSA values of Pt/C to be two orders of magnitude bigger146. Various problems with 

the approach can be identified. The method was intended to be used for PEM fuel cells, 

the assumption for the ɼ value might therefore not be valid. Additionally, the area of the 

CV curve was approximated with a triangle, which is a very rough estimation. 
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The final quantitative metric to determine the degradation due to gas crossover 

is measuring the H2 crossover itself. This test can evaluate whether pinholes were 

developed during the testing period due to degradation of the membrane. Figure 5.7 

illustrates the crossover currents after the N2 baseline and the H2/O2 test. Very similar 

values were achieved for both tests, which indicates that gas crossover will not degrade 

the membrane to the extent that pinholes would be present after 120 h of operation.  

 
Figure 5.7: The crossover current after the H2/O2 durability test is comparable to the 

baseline case where only N2 is flown. 

Finally, scanning electron microscopy (SEM) pictures can be utilized to 

observe any structural changes to the catalyst layers. Cross-sectional images of a pristine 

MEA and MEAs after the baseline and actual crossover hold are shown in Figure 5.8. 

While the membrane itself looks shiny due to its polymeric character, the catalyst layers 
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can be studied in detail. For the pristine MEA, a thick 8 µm catalyst layer can be 

observed that has a uniform porous structure.  

 
Figure 5.8: SEM pictures of the MEAs after the 120h durability tests compared to a 

pristine MEA.  

The MEA after the N2 baseline test has a significantly thinner catalyst layer, 

approximately only 4 µm thick. The porous nature of the catalyst layer stayed preserved, 

and it looks like there is still good adhesion to the membrane. There is no noticeable 

difference in the size between the two sides of the membranes, they look identical. This 
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means that the applied flow rates cannot be the reason for the significant catalyst 

layer thinning. Finally, the H2/O2 MEA looks similar to the N2 baseline. The catalyst 

layer is thinner than the pristine case but there is still good adhesion to the membrane 

surface. It does look like the catalyst layer is less uniform and has more height 

differences compared to the N2 baseline. The suspected reason for the membrane 

thinning is not found in the type of operation but in the cell assembly process. The MEA 

is compressed between a GDL/gasket sandwich at 120-inch pounds of compression. 

This will likely press the catalyst layer together, decreasing the thickness. This theory 

fits within the other findings of this section since there is no overall performance loss 

(polarization curve), no ionic losses, and the ECSA seems to be conserved. If catalyst 

layer washout occurred, which is another possible reason for catalyst layer thinning, 

these tests would indicate a decrease in performance. Finally, the thickness of the 

membrane itself stays the same, which indicates that membrane thinning did not occur. 

5.4 Durability conclusions 

The overall conclusion of the durability study is that gas crossover will likely 

cause very little degradation if the device is operated in HEMCC conditions. As 

observed in the permeability testing of Chapter 3, gas crossover drastically decreases 

when the device is operated at moderate temperatures and when a thicker membrane is 

employed. The HEMCC therefore benefits from its operating conditions so that it does 

not suffer from any severe crossover degradation. The in-situ durability test executed 

in this chapter did not find a single performance decrease that could be linked to 
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gas crossover. The MEA was in relatively good condition after the 120 h H2/O2 OCV 

crossover run. The polarization curve showed a slight loss of performance but the same 

was observed for the N2 baseline, which eliminates gas crossover as a cause. Neither 

ionic resistance nor ECSA data showed the occurrence of degradation in the catalyst 

layer after the crossover durability test. Finally, the membrane itself did not suffer from 

the imposed conditions as its thickness stayed the same and no pinholes were observed. 
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Chapter 6  

CONCLUSIONS AND FUTURE WORK 

The HEMCC direct air capture device, developed by the Yan group, was shown 

to be an attractive option for reducing atmospheric CO2 emissions. Efficiency 

improvements and a longer operating life will make the device ready for industrial scale 

application. Studying gas crossover, which has been shown to cause an efficiency 

decrease, a possible safety risk and performance degradation, could be an 

important part of the solution. In the literature review section, the mechanisms behind 

these three consequences were dissected. 

The most significant achievement of this thesis is the development of 

electrochemical crossover tests for H2 and O2. This is a relatively new area for hydroxide 

exchange membranes, and especially O2 had not been studied before in these 

membranes. Additionally, the shorted membrane of the HEMCC required a modified 

approach for measuring gas crossover. A novel 2-cell electrochemical test was designed 

to decouple the actual permeation from its electrochemical measurement. The 2-cel 

setup achieved more detailed measurements than the current state-of-the-art 

electrochemical 1-cell devices. For high RHs, the measured permeability comes close 

to the exact results obtained by gas chromatography. The implementation of the 2-cell 

setup for O2 was unsuccessful, but the obtained 1-cell data was sufficient to pursue  
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the other aims of this thesis. 

The permeability data allowed for detailed interpretation of the efficiency and 

safety consequences of gas crossover for the HEMCC. It was found that the PiperIon 

membrane has a sufficiently low crossover to not cause any significant efficiency 

losses. Even the use of a thin 20 µm thick membrane in a fuel cell did not result in high 

fuel losses. Employing the shorted membrane in the HEMCC causes even lower 

crossover since the carbon integrated into the membrane hinders the gas absorption 

transport through the water channels of the membrane. The safety risk related to 

operation as a fuel cell or as a HEMCC DAC device was determined to be 

negligible. With H2 in O2 mole fractions of less than 0.05%, the lower flammability 

limit of 4% is far away so that it is unlikely that a flammable mixture will be formed as 

a result of crossover. For the expected operating conditions, gas crossover will not lead 

to unsafe operation. 

Finally, an in-situ durability test was performed to isolate the degradation due to 

gas crossover. Using realistic HEMCC flows and operating conditions, the MEA was 

exposed to gas crossover effects for 120 h. The PiperIon was found to be highly 

resistant to gas crossover degradation using several characterization methods. No 

significant degradation was observed in either the catalyst layers or the membrane. 

It can be concluded that the significant performance decay observed in the HEMCC 

cannot be attributed to gas crossover damage. It is likely that the degradation in the 

device will be due to the same radical attack mechanism that occurs due to crossover, 

but gas crossover is simply not the dominant source of these reactive oxygen species. 
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Work by Dr. Catherine Weiss suggests that the two-electron ORR reaction will be the 

main source of these degrading species.  

This thesis eliminated gas crossover as a possible source of the current 

operating inefficiencies and limited durability of the HEMCC device. The 

employed methods for measuring the permeability, calculating the fuel loss and 

the safety risk, and isolating gas crossover degradation can be applied to other 

electrochemical devices as well. Gas crossover in electrolyzers is expected to be a more 

stringent issue, especially regarding safety. After modifying the abovementioned 

approaches to an electrolyzer setup, a similar case study can be conducted.  

Future work for the HEMCC should try to pinpoint the real cause of the 

performance degradation. From Dr. Weiss’ work on a PiperIon fuel cell, it is expected 

that reactive oxygen species will be the issue. Their degradation effect can be mitigated 

by incorporating a radical scavenger such as ruthenium into the catalyst layers106. If a 

longer operating lifetime would be achieved, the next step for commercialization will 

be studying the influence of other trace contaminants in air (NOx, SOx, …). Up to now, 

all tests have been performed with clean lab air. If the HEMCC were to be used as a 

direct air capture device, it must be resistant to the various contaminants that are present 

in the atmosphere. Similar studies have already been conducted on PEM fuel cells147. 
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